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Abstract
The relationships of project performance with the use of Building Information
Modeling (BIM) and Integrated Project Delivery (IPD) in the construction industry have not
been decisively investigated. The potential effect of the technology and strategy on industry
operations underscores the need for reliable information about project outcomes associated
with their use. The review of the literature has identified discrepancies between the
qualitative and quantitative body of work concerning the relationships of key project
performance measures and engagement of BIM and IPD. Grounded in structuration theory,
which holds that altered outcomes may result from organizational change spurred by radical
events (e.g., the introduction of new technology and strategy), this descriptive-cumquantitative study examines project outcome metrics vis-à-vis their relationships with BIM
and IPD use. Data from 93 completed construction projects are scrutinized through a causal
comparative research design adopted with a four-group factorial analysis. Projects that used
BIM (in design or construction) and/or IPD were not found to experience significant
performance outcomes when controlling for the contribution of other independent variables
and covariates at the 95% confidence level (CL). At the lower 90% CL, projects using IPD
experienced significantly less cost and schedule growth; what’s more, projects that used BIM
in construction were found to exhibit significantly higher levels of schedule growth. Lastly,
healthcare projects using IPD had significantly fewer Requests for Information (RFI) at the
90% CL. A demonstration of technology is provided. Recommendations are made for the
continued use of BIM and IPD as tools to check cost and schedule growth while reducing
RFI frequency. Training of construction management staff on these tools is recommended as
a possible step to avoid schedule growth associated with BIM use in construction.
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Chapter 1: Overview of the Study
Participants in the commercial construction industry (e.g., architects, engineers,
contractors, and owners) increasingly engage BIM and IPD, relatively new and
complementary technology and strategy. The expectation is to positively affect various
project outcomes (AIA, 2007; Becerik-Gerber & Kensek, 2010; NASFA, COAA, AHEFO,
AGC, & AIA, 2010).
Building Information Modeling (BIM) is a three-dimensional digital mock-up of a
building that houses accurate object-oriented data necessary to facilitate design, purchasing,
assembly, and field operations (Eastman, Teicholz, Sacks, & Liston, 2008, p. 1). Moreover,
the use of BIM makes clear the mutually dependent character of various building systems
(e.g., structural, mechanical, and electrical) through electronic pairing-together of project
team members (Dossick & Neff, 2010, p. 459). The term BIM does not refer to any single
program or software application; rather, it is a moniker for a wide variety of software
packages, tools, and processes used by architects, engineers, and contractors to design,
coordinate, and construct building components (Ilozor & Kelly, 2012, p. 24). The literature
suggests that BIM use can positively affect project outcomes (Becerik-Gerber & Kensek,
2010; Dossick & Neff, 2010; Eastman et al., 2008; Popov, Juocevicius, Migilinskas,
Ustinovichius, & Mikakauskas, 2010). However, conclusive empirical evidence linking BIM
use to tangible positive project outcomes, by use of performance data, on a generalizable
scale, has not been presented (Barlish & Sullivan, 2012, p. 150; Chelson, 2010; Kelly &
Ilozor, 2013; Suermann, 2009).
In a similar vein, Integrated Project Delivery (IPD) is a highly specialized
manifestation of the cross-functional team concept; team members are employed by a variety
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of individual firms, each representing a distinct specialty (e.g., design, engineering,
construction, plumbing, and steel). The team is held together by innovative multi-party
agreements, which require participating firms to share risk and reward as they work towards
the goal of minimizing waste and maximizing value (Ilozor & Kelly, 2012, p. 24). As with
BIM, authors writing about IPD suggest that project outcomes may be positively impacted
through utilizing the strategy (AIA, 2007; El-adaway, 2010; Froese, 2010; Ghassemi &
Becerik-Gerber, 2011). Additionally, a handful of studies have suggested the presence of
potential synergies between BIM and IPD that can also improve project outcomes (AIA,
2007; Becerik-Gerber & Kensek, 2010; El-adaway, 2010; Froese, 2010; Kent & BecerikGerber, 2010; Lancaster & Tobin, 2010; Popov et al., 2010; Succar, 2009). Similar to the
literature on BIM, there is a need for further rigorous quantitative research investigating the
relationship between IPD use and significant differences in key project performance
measures and outcomes (El Asmar, 2012).
Justification for Study
The pace of research on BIM and IPD has accelerated rapidly in recent years (AIA,
2010, 2012; Barlish & Sullivan, 2012; Chelson, 2010; El Asmar, 2012; Succar, 2009;
Suermann, 2009). The technology and strategy have the potential to shape how the industry
operates (e.g., estimating, contracting, detailing, fabrication, surveying, and record-keeping).
Industry participants need reliable information on how the implementation of BIM and IPD
may influence day-to-day operations and project results.
Chelson (2010) documented a 90% reduction in requests for information (RFI)
required by contractors as a result of BIM implementation. This reduction in RFI was
extrapolated to an approximate 9% reduction in overall project management cost. While
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impressive, the finding was based on an assumed cost to manage RFI. Thus, it is reasonable
that a 90% reduction in the question-answer-rework cycle should generate some measureable
positive outcome. Costly delays and change orders can result from the idling of a contractor’s
forces awaiting the delivery of missing information. The implications of this finding could be
better understood in the context of descriptive-cum-quantitative research investigating the
relationship between BIM, IPD, project cost, schedule, and quality outcomes.
To capitalize on the possibilities of BIM and IPD, methods of managing projects must
change by recasting the definition of management, along with the procedures and tools of
project delivery (Froese, 2010). Froese’s conceptual framework (see Figure 1) depicts the
interplay of processes, time, and products that result from three events: the emergence of
complex information technology (IT) systems requiring specialized knowledge; the dearth of
team member interdependence in current practice; and the use of BIM as a tool in project
management (p. 531). BIM is envisioned as a tool of team collaboration, similar to the
position put forth by the AIA (2007). Further descriptive-cum-quantitative research
investigating the relationships between BIM and IPD on project cost, schedule, and quality
outcomes could provide a meaningful perspective from which to more closely evaluate
Froese’s framework.

Figure 1. Schematic diagram of a unified approach to project management (Froese, 2010).
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Kent and Becerik-Gerber (2010) identified “trust, respect and good working
relationships” (p. 824) as preconditions for successful IPD implementation. This is not
surprising, since IPD requires a significant change in the typical design workflow as
decisions are pushed to earlier periods in the design timeline (AIA, 2007). This forward push
of workload may have the potential to induce stress and tension among team members. The
MacLeamy Curve (see Figure 2) illustrates this forward shift in workflow. Kent and BecerikGerber (2010) also found that “monetary incentives are not the most effective [method] to
foster collaboration” (p. 824), reinforcing the importance of team-building and positive
relationships, which are intangible attributes among team members and which cannot be
purchased in the traditional sense. Understanding the relationships between BIM, IPD,
schedule growth, and design quality, from the descriptive-cum-quantitative perspective,
could contribute important insights into the overall relevance of the MacLeamy curve (i.e.,
the forward shift in design workflow.)

Figure 2. The MacLeamy curve (CURT, 2004).
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BIM has been postulated as an impetus for project integration. Succar’s (2009)
proposed framework (see Figure 3) is intended to bridge the divide that is present between
those in academia and in industry regarding the impact of the technology (Succar, 2009, p.
358). IPD is proposed as a logical endpoint of BIM use; succinctly, Succar states, “the longterm vision of BIM [is that of] an amalgamation of domain technologies, processes, and
policies” (p. 365). The construct validity of Succar’s framework could be further scrutinized
through descriptive-cum-quantitative research methods. A greater understanding of the
relationships between the technology and delivery strategy with project performance
outcomes is the objective. What’s more, IPD has been proposed as the project delivery
platform that is best suited to fully leverage the use of BIM on large complex projects (Kent
& Becerik-Gerber, 2010, p. 815).

Figure 3. BIM framework: fields, stages and lenses – tri-axial model (Succar, 2009).
The BIM/IPD Integration Model (BIM/IPD IM) is a framework for considering BIM,
IPD, and project performance measures (Ilozor & Kelly, 2012). Similar to Froese’s and
Succar’s frameworks, the BIM/IPD IM (see Figure 4) situates the technology and strategy in
the context of affiliated industry activity. However, the BIM/IPD IM differs in that it implies
a relationship between outcomes (e.g., cost, schedule, and quality) and independent variables
(i.e., BIM and IPD use). Additionally, the BIM/IPD IM is a conceptual framework that has
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been subject thus far only to pilot testing (Kelly & Ilozor, 2013). As such, a need exists for a
complete descriptive-cum-quantitative research to validate the reliability of the framework.

Figure 4. BIM-IPD integration model (Ilozor & Kelly, 2012).
The results of a pilot quantitative study examining the relationships between the
technology and strategy with cost/schedule growth metrics were mixed (Kelly & Ilozor,
2013). Projects utilizing IPD experienced significantly lower levels of cost growth than nonIPD projects. Additionally, projects utilizing BIM in design showed significantly lower
levels of cost and schedule growth depending on the criteria for determining significance.
Unexpectedly, projects utilizing BIM in construction experienced significantly higher levels
of cost and schedule growth than projects that did not make use of the technology. These
findings highlight the need for further descriptive-cum-quantitative research focused on
investigating the relationships between project performance and deployment of the
technology and strategy.
Theoretical Framework
Structuration theory proposes that the guidelines and capabilities (i.e., technology and
strategy) relied upon by actors in the continuation of social action are concurrently the means
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of operational system procreation (Giddens, 1984, p. 19); that is, “Every social actor is ipso
facto a social theorist on the level of discursive consciousness and a ‘methodological
specialist’ on the levels of both discursive and practical consciousness” (p. 18). More
succinctly, social actors follow scripts, both consciously and subconsciously, which define,
perpetuate, and simultaneously evolve the social and organization structures in which they
operate. The relationships between technology and strategy use (e.g., BIM and IPD) and
project performance measures can be evaluated in the context of structuration theory. Both
the technology and strategy may cause actors to alter behavioral scripts, thereby potentially
triggering a reorganization of the social order of project teams, eventually leading to altered
project outcomes.
“All social actors know a great deal about what they are doing in processes of
interaction; and yet at the same time there is a great deal which they do not know about the
conditions and consequences of their activities, but which nonetheless influences their
course” (Giddens, 1979, p. 216). Team members recite scripts and play roles perpetuated
both by their own actions and the structure they operate within. The structure evolves as the
players perform. Significant change is precipitated by external events (e.g., BIM and IPD
implementation). Not surprisingly, team members’ ability to modify their behavior is
paramount for the successful implementation of IPD (AIA, 2007, Kent & Becerik-Gerber,
2010).
For example, Barley (1986) found that the introduction of computed tomography
(CT) scanners in hospital radiology departments constituted a significant exogenous event
that spurred varying social order changes in two similar settings. The behavior of the actors
(i.e., radiologists and technologists) changed and evolved as a result of the technology
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implementation. Structuration theory holds that along an organizational continuum, certain
distinct phases can be differentiated by the presence of unique interaction scripts that are
acted out by the organization’s members. The nature of the scripts is a function of the
strategic decisions, organizational changes, and exogenous events that externally impact or
emerge internally from within the organization (Barley, 1986). As an organization evolves,
the scripts change.
Adaptive structuration theory (AST), as put forth by DeSanctis and Poole (1994), is a
variation of Giddens’ work that amalgamates the relationship between advanced information
technologies, structures, and personal interface (p. 125). Advanced information technologies
(e.g., BIM) have the potential to sway the social attributes of work teams and organizational
environments (p. 126). However, all too often, the introduction of advanced computer
technology does not always result in significant increases in organization efficacy, with
multiple varying outcomes resulting from the introduction of identical technologies in
comparable environments. Structuration theory identifies the necessity of drastic behavioral
change to spur script changes among actors, which may then lead to tangibly differential
outcomes (pp. 141-142).
A pillar of structuration theory is the concept of duality of structure; that is,
organizational structures represent both the medium and the outcome of the actor’s behavior.
Social structures subsist through the fruitful reifying behaviors of actors (Fuchs, 2003, p.
133). The application of structuration theory to material problems of correlation and effect is
not absent of challenges. The reason is because structuration theory is multifaceted, largely
intangible, and not immediately harmonious with many research methods (Pozzebon &
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Pinsonneault, 2005, p. 1353); nonetheless, the theory has been used to partially frame and
situate numerous empirical studies in the social sciences and technology (Phipps, 2001).
The application of structuration theory vis-à-vis the use of BIM and IPD in the design
and construction process is illustrated by analogy through the attributes of a common
threaded screw. As exogenous events (i.e., the introduction of BIM and/or IPD) occur, the
pitch and lead of the screw threads are adjusted (altered), representing the evolution of
participant scripts that are reaffirmed by the perpetuating structural characteristics of the
organization. As the pitch and lead of the screw threads change, the linear distance traveled
in a single rotation of the screw is modified. This represents the potentially altered outcomes
resulting from the introduction of BIM and/or IPD. Refer to Figure 5 for a visual
representation of the structuration theoretical framework applied to BIM and IPD.

Figure 5. The application of structuration theory to BIM and IPD. Screw thread diagram
reprinted from Oberg, Valentine, & Stabel (1910). Work in public domain.
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Technological change disrupts the structure and scripts of the system (i.e., pitch and
lead of the screw threads), altering the production capacity, participant behavior, and
resulting system outcomes. Project participants search to comprehend the circumstances in
which they subsist. The sum of these perceptions provides a framework for their future
actions, which sway and alter the ensuing proceedings. As these individuals continue to learn
and adjust their behavior, both deliberately and inadvertently (in response to various inputs),
the shape and constitution of the system they inhabit evolves (Love, Holt, & Li, 2002, pp.
294-296).
Research Problem and Purpose of the Study
A better understanding of the relationships between key project performance
measures and the implementation of BIM and IPD is imperative and useful in light of
increasingly complex project processes. Existing literature-based frameworks that situate
BIM and IPD in the industry need to be scrutinized vis-à-vis descriptive-cum-quantitative
research. Within the context of the commercial construction industry, the relationships
between project performance measures (e.g., cost, schedule, and quality) and the
implementation of BIM and IPD have not been definitively investigated.
The purpose of this study is to better understand the relationships of project
performance measures and the implementation of BIM and IPD. It seeks to determine
whether projects utilizing BIM and IPD experienced significantly different levels of key
project performance measures than traditional projects that did not use the technology and
strategy. The presence of significantly different levels of key project performance measures
associated with BIM and IPD use may suggest that the introduction of the technology and
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strategy represents a critical exogenous event that spurs organizational change and, along
with it, the resulting outcomes of the design and construction process.
Research Methods Overview for the Study
A descriptive-cum-quantitative research method is used. Archival project
performance data are evaluated by various quantitative techniques (e.g., descriptive statistics,
analysis of variance, and general linear models) to address the research problem and
associated research questions (see Chapter 3). Descriptive methodologies are useful in
establishing relationships between variables and are well suited to situations where data are
gathered from events that are occurring or have already occurred (Leedy & Ormrod, 2010, p.
182), such as the construction of large-scale commercial buildings. However, the presence of
causality can be most credibly discovered through the use of quantitative methods in ways
not adequately addressed by descriptive and qualitative techniques (Leedy & Ormrod, 2010,
p. 223).
First, a causal comparative research design is used to analyze archival project
performance data from a sampling of completed construction projects, some of which used
BIM and/or IPD and others that did not. Statistical models are developed for each of the four
independent variables: cost growth, schedule growth, RFI ratio, and punchlist ratio. General
linear models, multivariate analysis of variance (ANOVA), and multiple range tests are the
primary analysis tools in this case. While the causal comparative research design does not
permit for a firm conclusion of cause and effect, it does enable identification of statistical
relationships that may exist between variables (Leedy & Ormrod, 2010).
Second, a four-group factorial design (i.e., BIM, IPD, BIM and IPD, and no-BIM-orIPD [control]) is used to analyze the data. The treatment in the design is the presence or
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experience (i.e., use or non-use) of BIM and/or IPD during the projects. This design is a
suitable analysis tool in situations where the effect of two independent variables is sought
using existing data (Leedy & Ormrod, 2010, p. 240). Multivariate ANOVA is used in this
analysis to test for significant differences in project performance between the four groups.
Refer to Figure 6 for a visual representation of the four-group factorial design proposed.

Figure 6. Four-group factorial design.
Triangulation, the interpretation or squaring of findings generated through the use of
multiple methods, sets of data, or analysis techniques, is used to help increase the internal
validity of the research study (Leedy & Ormrod, 2010, p. 99; Love et al., 2002).
Triangulation is useful in construction research because construction phenomena are
complicated and are composed of multiple interrelated variables possessing multifaceted,
non-linear, and continually varying associations. What’s more, construction involves
humans, who occasionally act irrationally and cannot be comprehended fully vis-à-vis
singular rote causal analysis (Love et al., 2002, p. 296). Webb (1966) notes, “The most
persuasive evidence and the strongest inference come from a triangulation of measurement
processes” (p. 34).
This purposive mix of research designs bolsters the internal validity of the study.
Moreover, results are discussed in light of the relevant literature, thereby providing another
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lens from which to evaluate the product of the research. Refer to Figure 7 for a graphical
representation of the triangulation concept applied to the problem at hand. Refer to Chapter 3
for a full discussion of the research methods.

Figure 7. Visual representation of the triangulation approach.
Independent and Dependent Variables
Each of the two proposed research designs has a different compilation of independent
variables, dependent variables, and covariates, depending on the specific nature of the
planned analysis. The causal comparative analysis has four dependent variables, three
independent variables, and seven potential covariates. Meanwhile, the factorial design has
four separate analyses of each dependent variable using four groups (e.g., BIM, IPD, BIM
and IPD, and no-BIM-or-IPD [control]). Refer to Table 1 and Figure 6 for a summary of the
independent variables, dependent variables, and covariates under consideration.
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Table 1
Variables for the Causal Comparative Analysis
Variable

Type and Classification

Cost growth

Dependent; quantitative;
continuous
Dependent; quantitative;
continuous

Schedule growth

Description, examples, or
comments
Final cost less estimated cost as a
percentage of estimated cost
Final duration less estimated
duration as a percentage of
estimated duration
Requests For Information (RFI)
generated by the contractor during
construction; a measure of design
quality
# of Punch-list items recorded by
the architect during construction; a
measure of construction quality

RFI count/gross area

Dependent; quantitative;
continuous

Punchlist count/gross area

Dependent; quantitative;
continuous

BIM in Design

Independent; categorical; nominal

Yes or no

BIM in Construction

Independent; categorical; nominal

Yes or no

Delivery Method

Independent; categorical; nominal

D-B-B, CM GMP, CM Cost +,
IPD, D-B

Project Setting

Covariate; categorical; nominal

Urban, suburban, or rural

Project Type

Covariate; categorical; nominal

Commercial, healthcare, K-12, etc.

Site Civil Scope

Covariate; categorical; ordinal

None, minimal, moderate, or
extensive

Gross Area

Covariate; quantitative; continuous

Gross building area in square feet

Number of Floors

Covariate; quantitative; discrete

Number of levels in the building,
including levels below grade

Geographic region

Covariate, categorical, nominal

Year completed

Covariate, quantitative, nominal

One of five geographic regions of
the continental U.S.
Year of project completion

Several of the variables identified in Table 1 were selected for inclusion in the
analysis based on prior use in precedent studies examining various aspects of project
performance. In some instances, the covariates are closely related to, or are composites of,
specific variables used in past studies. For example, Konchar and Sanvido (1998) used both
facility classification and project complexity. However, both of these characteristics are
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directly related to the project type (i.e., healthcare, data center, commercial office). Hence,
project type is used herein. For another example, El Asmar (2012) used RFI and punchlist
counts per million dollars of construction as indicators of design and construction quality,
respectively. In recognition of the wide range of cost values per square foot experienced
among the various building types under investigation, this study uses the RFI and punchlist
counts per thousand square feet of gross area in order more closely normalize defect counts
to overall project magnitude. Moreover, this study includes project setting, a variable that
was found to be significant in pilot testing (Kelly & Ilozor, 2013), but has not been widely
included in the project performance literature. Further discussion of this topic is included
under delimitations in Chapter 3.
Lastly, Chapter 4 features analyses of several combinations and groupings of the
independent variables. For instance, technology integration, a derivative categorical variable
with four levels, is used to organize the projects by their use of the technology and strategy
(BIM, IPD, BIM and IPD, and no-BIM-or-IPD [control]) for analysis in the four-group
design. The precise nature of the various analyses performed is described fully in Chapters 3
and 4.
Definition of Terms
The following definitions are used in the study:
•

Building Information Modeling (BIM): a three-dimensional digital mock-up of a
building that houses accurate object-oriented data necessary to facilitate design,
purchasing, assembly, and field operations (Eastman et al., 2008, p. 1). The use of
BIM makes clear the mutually dependent character of the various building systems
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(e.g., structural, mechanical, and electrical) through the electronic pairing-together of
project team members (Dossick & Neff, 2010, p. 459).
•

BIM in Construction: The use of BIM for detailed coordination, fabrication,
assembly, manufacture, and installation of building materials and components.

•

BIM in Design: The use of BIM for design, that is, the production of schematic,
design development, and construction level documents.

•

BIM & IPD: The use of BIM (in design and construction) with IPD.

•

Cost Growth: The final construction cost (Cf) of a project less the estimated cost (Ce)
of the project divided by the initial estimated cost (Ce); i.e., (Cf-Ce)/(Ce) x 100. A
normalized measure of cost increase.

•

Covariate: An independent variable, of secondary importance, that may affect or
otherwise mediate the relationships between the primary dependent and independent
variables of interest.

•

Delivery method: The method by which the contractual participants to a project are
organized to facilitate design and construction. Examples include design-bid-build
(D-B-B), design-build (D-B), construction management with GMP (CM GMP),
construction management cost plus (CM cost+), and IPD.

•

Gross area: “The architectural [gross] area of a building is the sum of the areas of the
floors of the building, measured from the exterior faces of exterior walls or from the
centerline of walls separating buildings. The architectural [gross] area includes
basements, mezzanines, intermediate floors and penthouses, provided that these areas
have a minimum of seven feet (2.13 meters) headroom height” (AIA, 1995).
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•

Integrated Project Delivery (IPD): “A project delivery approach that integrates
people, systems, business structures and practices into a process that [is intended to]
collaboratively harnesses the talents and insights of all participants to optimize
project results, increase value to the owner, reduce waste, and maximize efficiency
through all phases of design, fabrication, and construction” (AIA, 2007).
Furthermore, IPD “consists of a multidisciplinary team of design and construction
professionals assembled to complete a project, who are bound together by alternative
forms of agreement that require team members to share risk and reward, contribute
equally, and employ alternative processes and technologies” (Ilozor & Kelly, 2012, p.
28).

•

Schedule Growth: The final construction duration (Df) of a project less the estimated
duration (De) of the project divided by the initial estimated duration (De); that is, (DfDe)/(De) x 100. A normalized measure of schedule increase.

•

Project setting: A descriptor used to capture the relative characteristics of the project
location: urban, suburban, or rural. A covariate in the causal comparative analysis.

•

Punchlist: A list of incomplete or defective work items; the list is prepared by the
architect or the contractor just prior to substantial completion of the project. The
aggregate number of punchlist items is a measure of construction quality.

•

Punchlist ratio: (Punchlist item count/gross area): The total number of punchlist items
documented for a project divided by the project gross area. A normalized measure of
construction quality.

•

Requests for information (RFI): A formal written question, posed by the contractor to
the architect, vis-à-vis an error, omission, or inconsistency discovered by or made
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know to the contractor (AIA, 2007). The aggregate number of RFI items is a measure
of design quality.
•

RFI ratio (RFI count/gross area): The total number of RFI items written for a project
divided by the project gross area. A normalized measure of design quality.

•

Site civil scope: A descriptor used to capture the relative characteristics of the project
site civil work external to the building construction: low, medium, high. A covariate
in the causal comparative analysis.

Conclusion
Within the context of the commercial construction industry, the relationships of
project performance measures and the implementation of BIM and IPD have not been
decisively investigated. Grounded in structuration theory, which proposes that altered
outcomes are the result of radical events spurred by the introduction of new technology and
strategy, this study seeks to determine whether projects using BIM and IPD experienced
significantly different levels of key project performance measures from traditional projects
that did not use the technology and strategy. Such a finding would provide evidence
supporting the presence of a structuration effect. A novel approach featuring two research
designs is used. Triangulation, the interpretation or squaring of findings generated through
the use of multiple designs, sets of data, or analysis techniques, is used to help increase the
internal validity of the research study. A thorough understanding of the prior work in this
area is necessary. Accordingly, a review of the literature follows, including a discussion of its
merits and shortcomings with respect to the theory, problem, variables, and methodology.
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Chapter 2: Review of Literature
Introduction
This literature review covers four areas pertinent to the research: (1) the theoretical
framework (i.e., structuration theory); (2) the main variables in the study (i.e., BIM, IPD, cost
growth, schedule growth, RFI, and punchlist; (3) historical perspectives; and (4) the proposed
research methods.
Theoretical Framework of the Study
This discussion of structuration theory is in two parts: theory and application. The
opening section reviews the main conceptual underpinnings of structuration theory through a
review of several seminal works, while the subsequent section highlights previous uses of the
theory toward resolution of practical, applied research problems involving technology
deployment in business and management situations.
Theory. Structuration theory, as articulated by Giddens (1984), is not affiliated with
any single method, technique, or research design. “I do not try to wield a methodological
scalpel. That is to say, I do not believe that there is anything in either the logic or substance
of structuration theory which would somehow prohibit the use of some specific research
technique, such as survey methods, questionnaires or whatever” (Giddens, 1984, p. xxx).
Interestingly, while various methods have been used in combination with structuration theory
to further understanding in a variety of fields, one field in particular has been heavily
researched via the theory. Jones and Karsten (2008) reviewed and catalogued 331 scholarly
information systems (IS) research articles published between 1983 and 2004. They found that
IS researchers have engaged structuration theory in numerous ways, reinforcing the idea that
social theories are not limited to application in a specific field. Additionally, they concluded
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that many IS researches have espoused a constricted vision of the theory, leading to the
conclusion that great potential exists to expand the scope of IS research, harnessing the full
potential of Giddens’s work (p. 152).
Barley (1986) proposed that structure be viewed simultaneously as creation of and a
limitation constraining social actors’ undertakings (p. 79). Barley’s interpretation and
extension of Giddens’s work identified a handful of key theoretical propositions:
•

Technology should be regarded as a social object, not a physical artifact (p. 78).

•

Structure is to be thought of as process, form, and tradition, not as an article (p. 79).

•

Contradictory outcomes that result from similar technological uses are to be observed
as complimentary findings, thereby mandating an alternative framework to rationalize
the link between technology and structure (p. 78).

•

“Institutional practices shape human actions which, in turn, reaffirm or modify the
institutional structure” (p. 80). This process is coined structuring. Refer to Figure 8
for model of the structuring process.

Figure 8. Model of the structuring process (Barley, 1986).
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“Man is the creator and created result of society” (Fuchs, 2003, p. 163). Restating the
central argument of Giddens (1984) and others (e.g., Desanctis & Poole, 1994; Orlikowski,
1992, 2000), Fuchs (2003) lays bare a core element of structuration theory in nine succinct
words. Similarly, self-organization of complex systems—a close cousin to structuration
theory (according to Fuchs)—is a process that exhibits “circular causality” (Fuchs, 2003, p.
135). Varying results come from similar changes and events (e.g., Barley, 1986); minor
happenings can lead to major changes and vice versa. Likewise, minor happenings can have
little or no system impact, and radical change can prompt system evolution (p. 135). To
address this observation, a statistically valid sample size is used to investigate the
relationships between project performance measures and the introduction of BIM and IPD.
Such a sample is sufficient to condense estimator dispersion, allowing for the testing of
various hypotheses and identifying the presence or absence of relationships between the
variables.
Outcomes associated with the introduction of complex technology are significantly
influenced and affected by the nature of the technology use by actors. In many cases, this is
more so than by the existence of the technology itself (DeSanctis & Poole, 1994, p. 122). As
such, actors’ conduct with respect to the technology often varies from that envisioned by the
developers of the technology, with varying outcomes (e.g., Barley, 1986) resulting from
similar technological deployments (p. 122). This phenomenon results from adaptation issues,
use reluctance, avoidance, training variances, fear, ignorance, group dynamics, and many
other social and organizational causes unrelated to the technology itself. In response to this
finding in the literature, DeSanctis and Poole (1994) proposed adaptive structuration theory
(AST). AST provides a framework for learning about the disparity in outcomes that result
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from technology implementation (p. 122). The theory identifies two competing structures: (1)
the structures anticipated by the developers and proponents of the technology; and (2) the
structures that materialize through the use of the technology by actors. These competing
structures are reconciled by the actors, resulting in inconsistent application and operational
outcomes across seemingly similar technological deployments (p. 122). This finding is
informative to the study of BIM and IPD as it can serve as a theoretical rationalization of
differing project performance outcomes.
A form of mutual causation is experienced by organizations and technology. While
causation may be found in a particular setting (i.e., time-space), the ability of actors to
spontaneously alter the predicted course of action is ever-present. Meanwhile, the social
pressure and demands of culturally reified protocols serve to restrain actor-led development,
thereby creating a reciprocally mediated occasion for structuring, that is, a modification of
both actor and institution (Orlikowski, 1992, p. 423). Orlikowski (1992) proposed a
structurational model of technology. This model is founded on two key premises: (1) the
duality of technology and (2) the interpretive flexibility of technology (p. 405). The duality
of technology holds that technology has two states of existence. The first state is that of a
social construction of those that developed the technology; that is, humans perceived a need
and developed a product or service to fill that need. The technology is a reflection of the
values and priorities of its developers. The second state is that of physical product, which
when deployed into the hands of users may occasion structuring and evolution of the
environment in which it is used (pp. 406-408).
Distinguishing between the design and use of technology, Orlikowski (1992) posits
that technology is interpretively flexible. This means that users (actors) can implement
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control over the use and deployment of the technology. This control is not infinite; in fact, in
some instances it is quite limited. Nonetheless, it is present in most technological
deployments and should not be ignored (p. 409). The structurational model proposed by
Orlikowski (1992) has four principles on which it is founded: (1) human action produces
technology; (2) when used, technology mediates human action; (3) institutional
circumstances influence actor’s interaction with technology; and (4) during use of
technology, the institutional properties of the organization are acted upon (either reinforced
or changed; pp. 409-411). Applying this model, BIM and IPD are under study to investigate
whether their implementation produces significantly different quantitative outcomes.
Significantly different outcomes between projects that used, and those that did not use, the
technology and strategy would suggest that participant behaviors might have been altered.
This finding is explained by Orlikowski’s (1992) structurational model of technology. Refer
to Figure 9 for a diagram of Orlikowski’s model.

Figure 9. Model of technology-triggered structural change (Orlikowski, 1992).
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Technologies are not always used in the manner intended by their developers
(Orlikowski, 2000, p. 424). Orlikowski further proposed that continued employment of
certain technologies enacts unique patterns of technology use; the behaviors are not static but
are dynamically made anew by continued “practices of particular users, using particular
technologies, in particular circumstances” (p. 425). This insight serves as a theoretical
rationalization of varied outcomes associated with similar technological deployments when
dealing with small samples (e.g., case studies such as Barley, 1986). Consequently, the study
of BIM and IPD requires a quantitative methodology, with valid sample size, to discern
significantly different outcomes and their relationships to technology use.
Application. Technology, when combined with participant action, manipulates
organizational protocols through reconstruction or alteration. Technology use can confirm
and perpetuate the status quo or precipitate fundamental change in behavior (influenced by
the existing social structure) leading to varied outcomes (Zackariasson, Bostrom, & Wilson,
2009, p. 48). In their study of the industry changes that came with the introduction of CAD in
the Swedish architectural community, Zackariasson et al. (2009) developed a threedimensional adoption model depicting suppliers, users, and customers of the technology.
They found that among adopters, the technology not only altered practitioner behavior (i.e.,
changed drawing methods), but was also the catalyst for new business ideas and offerings to
customers (e.g., management services). In turn, customer affirmation reified the new evolved
business practices and associated service offerings. Change occurred among non-adopters as
well. Falling out of favor with customers who fancied the new technology, the non-adopters
modified their marketing and operations protocols. By placing an emphasis on the artistic
qualities of their works, they survived by finding new customers who appreciated their
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traditional approach. Such a finding suggests that the introduction of BIM may also yield
similar (or different) structural changes, which may then affect project outcomes (e.g., cost
growth, schedule growth, RFI ratio, and punchlist ratio).
Structuration theory has been used to understand the knowledge-making processes
undertaken by banking professionals (Smart, 1998). Employing interpretative ethnography,
Smart identified the recursive and discursive practices that form and reaffirm the social
structure and resulting outcomes in Canadian banking organizations. Specifically, the
production of the quarterly White Book, an internal financial projection document, was
investigated. The technical staff producing the book were likely to taint their findings and
projections to meet the expectations of the executives. Meanwhile, the executives were
adamant that they had no influence whatsoever with respect to the content of the book or its
production. This seemingly disordered situation is a social construction reified through the
organization’s continued practices; that is, it has been structurated. Changed outcomes may
result from the introduction of a new technology such as, in this instance, a new method for
producing the book.
The actions and behaviors of informed and spontaneous participants grow to be
uniform with time; this uniformity ultimately forms the basic structure and organizational
properties of the setting (Pozzebon & Pinsonneault, 2005, p. 1358). In their analysis of
information technology research based on structuration theory, Pozzebon and Pinsonneault
(2005) put forth a “repertoire of strategies for applying structuration theory in empirical
research” (p. 1366). Recommended tactics for identifying the presence of structuration (i.e.,
duality of structure, time/space, and actor’s knowledge ability [agency]) are arrayed in the
repertoire. These tactics included various qualitative techniques such as grounded theory,
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visual mapping, temporal bracketing, and narrative analysis. Alternatively, this dissertation
couples structuration theory with a descriptive-cum-quantitative method, probing for
significant differences in project performance measures. These differences, if found, suggest
that the introduction of BIM and IPD is a radical external event that alters actor behavior, the
ensuing structural properties of the organization, and resultant project performance.
Structuration theory has been used as a framework to further understanding of
phenomenon in a variety of fields including business, criminology, education, land
development, job/home loss or gain, plant/school closings, family, housing, migration,
societal development, regional transformation, and social class mobility among others
(Phipps, 2001, p. 191). Phipps’s (2001) review of 53 applications of structuration theory
yielded three interesting findings: (1) the number of fields to which structuration theory has
been applied is numerous, and beyond what its founder (i.e., Giddens) had originally
envisioned; (2) a large majority considered a treatment of time-space (a tenet of structuration
theory); and (3) one third dealt with the duality of structure, while another third reflected on
the agency-structure aspects of their work. Recognizing that a large majority addressed timespace implications in their research is not surprising. Giddens (1984) notes “ . . . it is
necessary to consider how social theory should confront—in a concrete rather than an
abstractly philosophical way—the ‘situatedness’ of interaction in time and space” (p. 110).
As such, the causal comparative design herein proposed considers several of the time-space
covariates that could be associated with project performance outcomes (e.g., project setting,
geographic region, and year of completion).
Structuration theory has been applied to the study of project management, specifically
with regard to project conception and system context. Manning (2008) proposed that various
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structural attributes (i.e., specifications, time, and team) define the transient nature of
projects. As projects are executed, the attributes are made concrete through the ongoing
(recursive) use of resources and observance of rules. The interdependence of these attributes
replicates the systemic character of projects; that is, specific requirements dictate time and
team needs. Additionally, Manning (2008) asserts that it is a necessity to justify the structural
attributes in agreement with the contextual conventions and resources to which the project is
subject (p. 35).
Organizational transformation is only achievable upon the enactment of altered
behaviors (scripts) by social agents. In their case study of the Swiss food industry, Maier and
Finger (2001) concluded that only by comprehending the interplay of power, resources, and
cognition, could an appreciation of the restraints to institutional evolution be understood (p.
96). Interestingly, by analyzing the conduct of participants involved in the adoption of
organic foods by the industry (via a structurational framework), they identified four structural
modalities that constrained the technology (product) adoption: (1) interpretative schemes, (2)
norms, (3) allocative resources, and (4) authoritative resources. Tactics to overcome these
barriers included information-sharing between management and staff; training at all levels;
technology steering committees; cooperation with stakeholders, partners, and suppliers; and a
funded management endorsement of the initiative (p. 97). This finding is useful with respect
to the problem of BIM and IPD. Namely, the path to altered outcomes goes over the hurdle
of actor adoption, which is necessarily impeded by structural and institutional barriers. This
finding suggests that the presence of significant differences between BIM/IPD and nonBIM/IPD project outcomes may signal passage by project participants over the actor-
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technology adoption hurdles inherently present in the system prior to the introduction of the
technology and strategy.
Internal company initiatives designed to accelerate technology use and product
innovation can trigger organizational change in mature firms. Jones, Edwards, and
Beckinsale (2000) conducted a 10-year longitudinal study of a mid-size (750 employee)
manufacturing firm active in the bi-metallic control component business. Two new product
development projects were identified as critical incidents that precipitated innovation and
brought forth structural change in the organization (p. 169). Conflicting opinions, resulting
from varying normative values among the management team, resulted in revised
organizational structures and operational outcomes (p. 175).
The outcomes associated with population pressure, specifically intensification of
agricultural farming activity, have been quantitatively analyzed and interpreted via
structuration theory. Jones (2000) found that the frequency of cropping increased, as did the
rate of soil improvement in highland Tanzania in response to population pressure. While
some out-migration, particularly by males, was found to be present, the more common
response was the use of soil improvement techniques and amplified cropping activities.
Theorized under a structurational framework, Jones (2000) sought to highlight the actors’
endogenous decisions (to improve soil, crop, or relocate) in light of the population pressure
(exogenous event). This interplay of system and agent is a hallmark of structuration theory
and adds a rich theoretical component to an otherwise matter-of-fact quantitative situational
analysis. Additionally, by identifying the agents’ actions as responses to outside events that
alter the structural properties and agent protocols, Jones’ work parallels other similar
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structurational studies (e.g., Barley, 1986; Orlikowski, 1992, 2000; Zackariasson et al.,
2009).
Markets exhibit many of the same characteristics as highly complex networks
(Johnston, Peters, & Gassenheimer, 2006, p. 954). By means of a qualitative study grounded
in a structurational framework, Johnston et al. (2006) raise a handful of important questions
concerning the structure and nature of networks and their interactions. They cite structuration
theory as a useful tool in understanding the proper level of detail required to examine
networks in the UK construction industry. Specifically, innovation and multi-company
network development processes were found to follow a duality of structure protocol, where
technological developments cause actors to rethink standards used in design and
construction, triggering new products and actor behavior (p. 950).
Supply chain management techniques may not be entirely suitable for immediate
transfer to the construction industry, as various so-called best practices are not always
applicable in the absence of virtually identical situations in which to apply them (Fernie &
Thorpe, 2007, pp. 319, 328). Through a structurational lens, an underlying premise of IPD is
scrutinized by Fernie and Thorpe; namely, that collaboration and integration is positive, and
that adversarial, yet contractually compliant, traditional administration practices are bad or
wasteful. They propose that integrated multi-firm supply chain practices (parallel to IPD) can
collapse under the weight of existing organizational structures, strategies, and internal
objectives that were developed in response to prevalent market conditions. The much soughtafter communal multi-party efficiency is largely fictitious and unachievable when not
underpinned by parallel organizational structures among participating firms, all supporting a
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congruent strategic goal of developing and maintaining collaborative relationships with
industry partners (p. 327).
The results of a case study focused on study of knowledge management in the
construction industry by way of structuration theory found that the successful transmission of
knowledge in project-based firms mandates a comprehensive understanding of the current
work protocols. This understanding is in addition to the prerequisite comprehension of the
new knowledge base material and associated implementation guidelines (Bresnen,
Goussevskaia, & Swan, 2004, p. 1536). Furthermore, in tightly developed teams, it is rare for
new knowledge to be successfully implanted absent a robust understanding of the specific,
culturally recognized conditions for such acceptance. These conditions are the result of
actions replicated and evolved in light of the accrued expertise, not necessarily formal
training (p. 1536). Analogous to the ideas put forth by DeSanctis and Poole (1994), Bresnan
et al. (2004) argue that existing structures mediate the acceptance and use of the new
technology and, ultimately, the outcomes resulting from it. This suggests that, by extension,
the success of any BIM or IPD technology implementation is significantly dependent on
affirmative actor acceptance.
Barley and Tolbert (1997) proposed a qualitative methodological outline for
investigating the effects of technology on institutions using a structurational framework.
Their plan includes four recommendations: (1) identification of an institution that may
undergo change, (2) studying the actors’ actions and “script characteristics” at various
periods of time, (3) studying the scripts for substantiation of behavioral modification, and (4)
connecting changes in behavior to other changes in the institution (p. 95). Their approach is
conceptually analogous to the four-group modified factorial design herein proposed for the
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study of the effect of BIM and IPD on project performance measures. However, while Barley
and Tolbert proposed examining the actors’ scripts for evidence of change and linking script
changes to institutional evolution, this dissertation uses a more deterministic and positivistic
approach by examining project outcomes in search of significantly different performance
measures associated with the use of BIM and IPD. The presence of significantly different
outcomes suggests the retroactive presence of altered actor behavioral scripts.
Synthesis and summary. Structuration theory is not allied with any single method,
technique, or research design (Giddens, 1984). What’s more, the concept of structure is to be
viewed simultaneously as creation of and a limitation constraining social actor’s
undertakings (Barley, 1986). Mutual causation is experienced by organizations vis-à-vis
technology; that is, a modification of both actor and institution results from the use of
technology (Orlikowski, 1992). Consequently, the nature of technology use has a greater
influence on the outcomes associated with its introduction than the presence of the
technology itself (DeSanctis & Poole, 1994). Furthermore, technologies are not always used
as intended by their developers (Orlikowski, 2000, 424), providing a theoretical
rationalization of varied outcomes associated with similar technological deployments.
Notwithstanding, the actions and behaviors of participants become uniform with time. This
uniformity forms the basic structural and organizational setting (Pozzebon & Pinsonneault,
2005, p. 1358). Not surprisingly, structuration theory has been used to situate, interpret, and
substantiate the impact of technology in a wide variety of fields and settings (Phipps 2001;
Pozzebon & Pinsonneault, 2005; Smart, 1998; Zackariasson et al., 2009).
This dissertation represents an original application of structuration theory in the area
of commercial building construction: specifically, the relationship between technology use
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and project performance. Refer to Figure 5 (see Chapter 1: Overview of the Study, p. 9) for
the adapted model that follows from models developed by Barley (1986) and Orlikowski
(1992). This adapted model identifies the introduction of BIM and IPD as “technologytriggering” (see Orlikowski, 1992) events that bring about structural change that may result
in varying project performance outcomes. Having established the theoretical foundation, it is
appropriate to move forward with a review of the literature on the key independent and
dependent variables under investigation.
Variables of the Study
This section reviews the pertinent literature on the independent variables (i.e., BIM
and IPD) as well as the dependent variables: construction cost growth, construction schedule
growth, design quality as measured by RFI ratio, and construction quality as indicated by
punchlist ratio.
Building information modeling. Despite the significant volume of research that has
been completed on various aspects of BIM, the evidence supporting improved project
performance measures directly resulting from BIM use remains largely anecdotal in nature
(Barlish & Sullivan, 2012; Becerik-Gerber & Rice, 2010). This situation is not an oversight.
Rather, it results from a lack of industry-standard metrics and methodologies for
documenting and assessing the impact of IT deployments, coupled with complications
associated with the acquisition of relevant data from industry participants (Becerik-Gerber &
Rice, 2010, p. 186; Chelson, 2010). This situation leaves researchers to predominantly rely
on descriptive surveys and various qualitative techniques (e.g., case studies) to assess the
perceived value of the technology, as opposed to conducting rigorous quantitative research
using actual project data. Supplemental background information on BIM can be found in
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Ilozor and Kelly (2012). The remainder of this review of the BIM literature is subdivided into
four sections: (1) research highlighting the need for quantitative outcome analysis, (2) studies
concerning the impact of the technology, (3) research pertinent to the problem, and (4)
summary.
Research highlighting the need for quantitative outcome analysis. Industry
practitioners have called for further research into the financial return associated with BIM in
the form of easily accessible unbiased studies focused on the value of BIM (Becerik-Gerber
& Kensek, 2010, p. 146). Such studies have great appeal to practitioners, as they can be
relied on to evaluate the merit of BIM implementation given the entry costs (e.g., software,
training, and associated learning curves).
The cost of construction includes a hidden factor representing the absence of highlevel interoperability between participants and systems; what’s more, this dearth of
interoperability occasions the forfeiture of enhanced performance outcomes that could
otherwise result (Gallaher, O’Connor, Dettbarn, & Gilday, 2004, p. III). It is estimated that in
2002 alone, the cost of interoperability was $15.4 billion, with two thirds of the cost being
absorbed by owners and building operators during the operational use of facilities (p. v). A
key benefit of BIM use by design and construction teams is interoperability, the seamless
transfer (push) of object-oriented data from designer to fabricators, constructors, and building
operators. Hence, it reasons that increased operability, enabled by the use of BIM, may
occasion significantly different cost and scheduled outcomes.
Through the development of a literature-based conceptual framework, Sacks,
Koskela, Dave, and Owen (2010) identified 56 constructive interactions existing between
BIM functionality and Lean construction principles. These interactions ranged from how
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visualization (BIM function) positively interacts with reduced variability (Lean principle) to
how collaboration in design and construction (BIM function) interacts with increased
flexibility (Lean principle; p. 975). The authors propose that the combination of Lean and
BIM can enhance projects outcomes. Moreover, they go further with respect to the
combination of BIM and IPD by postulating that this combination of technology and strategy
may optimize construction outcomes (p. 969). Furthermore, a descriptive survey of 202
industry professionals revealed that BIM was perceived to have a positive impact on
construction cost, quality, and schedule (Zuppa, Issa, & Suermann, 2009, p. 503). The
authors called for further research to quantify the relationships between the technology use
and corresponding cost, quality, and schedule performance outcomes.
Studies concerning the impact of the technology. The return on investment
associated with BIM use by contractors has been reported to be as high as 9,486% (Azhar,
Hein, & Sketo, 2008). However, this finding was the result of a dubious method of assigning
an estimated savings amount to each overhead clash resolved during BIM trade coordination.
Moreover, absent is a credit or deduction for those clashes that would have otherwise been
resolved by conventional 2D coordination efforts. This is a significant omission that calls
into question the authoritativeness of the reported findings. Furthermore, Azhar et al. (2008)
limited their study to the issue of overhead clashes; as such, there is no discussion of how the
presence or absence of BIM may have been associated with other tangible performance
outcomes (e.g., cost, schedule, and quality).
Recognizing the need to quantify the benefits of BIM associated with construction
project outcomes, Barlish and Sullivan (2012) developed a quantitative framework for the
evaluation of project performance. Using data on change orders, RFI, and schedule
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performance, they concluded that the use of BIM in the construction of semiconductor
manufacturing facilities would result in a high probability of positive outcomes. Specifically,
they reported RFI reductions, shorter schedule durations, and fewer change orders associated
with BIM use. However, the study was based on results from only three projects, which is
not a statistically robust sample size. While their study provides a useful data point with
respect to the potential impact of the technology, the situation remains that reliable empirical
evidence linking BIM use to significantly different project outcomes, on a generalizable
scale, has not been presented (p. 150).
Using survey questionnaires and case study interviews, Chelson (2010) identified a
reduction in RFI quantity associated with BIM implementation; however, this RFI reduction
was limited to so-called integrated delivery methods (e.g., construction management, and
integrated project delivery). Conversely, on D-B-B projects it was noted that the contractor is
not incentivized to resolve the architect’s errors and conflicts, thereby making the goal of
RFI reduction antithetical to the contractor’s operational objectives. Additional profit can be
mined by the contractor under a D-B-B arrangement by claiming loss of productivity and
delay associated with errors and omissions committed by the architect. Not surprisingly,
Chelson found that those contractors actively engaged in D-B-B work had little use for BIM
and would use the technology only if required by specification or contract (p. 229).
Based on case studies of two completed projects, design coordination, virtual reality
simulation, and 3-D clash detection have been proposed to be the most significant benefits of
BIM (Lu & Korman, 2010). Both projects under investigation were constructed by the same
general contractor, who was proficient with the use of BIM. Their findings, while consistent
with the findings from the many other case studies reviewed herein, are not entirely reliable
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as they are drawn from anecdotal samples and absent quantitative rigor—a shortcoming of
the BIM literature.
By way of longitudinal ethnography, coupled with interviews of industry participants,
Dossick and Neff (2010) concluded that organizational segregation hampered the potential of
BIM to improve project performance through technological pairing (p. 459). Echoing a
general theme of the literature on structuration (e.g., Desanctis & Poole, 2004), radical
outcome changes do not result from the technology in and of itself but rather from the nature
of the use of the technology by participants. In the case of Dossick and Neff’s study, this was
evident as the competing interest of scope and profit-center allegiance (i.e., different
subcontractors earning their own profit) obstructed the optimal use of the technology,
suggesting that the combination of BIM and IPD may lead to significantly different
performance outcomes.
Giel, Issa, and Olbina (2010) conducted case studies on four recently completed
commercial and mixed-use buildings; two of the projects had utilized BIM during
construction and two had not. Cost and schedule growth metrics were recorded as well as
physical data about the projects (e.g., number of floors, gross area, and contract type). The
return on investment (ROI) of BIM was calculated to be in the range of 16-1,654%,
depending on the project size, complexity, type, and other particulars. Additionally, the
authors noted a general reduction in RFI, change orders, and schedule delays associated with
BIM use. Additional research with a larger sample is required to corroborate and expand on
these findings. What’s more, the wide range in ROI figures reported (i.e., 16-1654%)
suggests the presence of other potentially confounding variables and covariates whose
presence has skewed this preliminary finding.
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The effect of BIM use on construction schedule durations and cost savings has been
estimated through the use of a system dynamic model based on expert elicitation. Using this
technique, Parvan (2012) projected a 16% schedule improvement and 4% cost improvement
associated with BIM use. Additionally, Parvan’s method sought to deconstruct the “black
box” of BIM by seeking to estimate how BIM affects project outcomes and what attributes of
BIM are most responsible for these effects. Parvan’s research does not consider IPD;
furthermore, the research method is a model (simulation) founded on expert elicitation (i.e.,
survey and interview), as opposed to an analysis of actual project outcomes, which clouds the
absolute validity of the results. Nonetheless, the findings provide a useful data point in the
discussion of the relationship between project performance and the use of BIM.
Zhai (2010) investigated the relationship between information technologies and
construction productivity by way of (1) analyzing IT investment and construction
productivity in numerous different countries, (2) examining the relationship between
productivity and IT investments in numerous industries (including construction) in the U.S.,
and 3) studying the relationship between integration and work task productivity in the
industrial construction sector. The findings indicate that IT investment is positively
correlated with construction productivity increases. This finding, based on the broader
category of “information technology” at the industry level, suggests that productivity gains
may also be discernible at the project level from the use of BIM during the construction
process.
The effect of BIM use on the productivity rate of precast concrete façade panel
detailing (drafting) has been evaluated. Sacks, Kaner, Eastman, and Jeong (2010) conducted
a static group comparison case study experiment examining the drafting time required for
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preparation of the precast concrete façade panel shop drawings for the Rosewood building in
Dallas, Texas. The control group, working in 2D, consisted of the panel fabricator’s drafting
staff; meanwhile, the experimental group, working in 3D BIM, was composed of the study’s
author and a graduate intern. The 3D experimental group completed the task using less than
half the hours of the control group, representing a 57% increase in productivity. This
achievement was largely possible through the conversion of the predecessor architectural 3D
BIM model into a usable precast fabrication model. What’s more, the BIM approach enabled
the resolution of spatial conflicts associated with reinforcing steel, embedded items, and
adjacent structural framing components during the drafting process, as opposed to tackling
this problem at some point in a second-pass operation, thereby eliminating rework.
Unfortunately, no effort was made towards assessing the effectiveness of the drafting teams
prior to the start of the case study analysis; therefore, in the absence of this pretest, there is no
way of knowing whether the use of the technology is responsible for any of the observed
differences.
An investigation of the impact of BIM on six primary performance measures (i.e.,
quality control, on-time completion, cost, safety, dollars/unit, and units/labor hour) has been
completed. Suermann’s (2009) research involved three phases: (1) survey questionnaire of
industry practitioners, (2) case studies (two each) of U.S. Army Corps of Engineers
(USACE) projects, (3) and a quantitative comparison of the two case studies with a
government productivity research database. Interestingly, the quantitative analysis of the
impact of BIM on project performance did not corroborate with the overwhelmingly positive
feedback received via survey questionnaire from the industry practitioners. In one of the case
studies, the BIM-enabled project took longer to complete than similar facilities included in
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the control group. In light of the fact that the quantitative results were inconsistent with the
qualitative survey findings, Suermann (2009) recommended that future studies consider
additional variables, use complex multivariate models, and employ statistically suitable
sample sizes (p. 208). These recommendations are incorporated herein.
A pilot quantitative study found mixed results with respect to the relationship
between project performance and BIM use (Kelly & Ilozor, 2013). Data from 49 completed
construction projects were analyzed by way of ANOVA and multiple range tests. The data
included a combination of primary archival data, quantitative survey results, and published
case studies. Results indicated that BIM in design projects experienced significantly different
levels of cost and schedule growth at the 95% confidence level (CL) using Duncan’s multiple
range test and the Student-Newman Keuls statistic. Interestingly, projects that utilized BIM
in construction experienced significantly higher levels of cost and schedule growth than
projects that did not use the technology (p = 0.0128 & p = 0.0444). While consistent with
Suermann’s quantitative findings, these results are contrary to many of the qualitative and
case-based findings in the literature; namely, that BIM use in construction should reduce cost
and schedule growth through enhanced collaboration, reduction of conflicts, improved offsite
fabrication, and ensuing productivity improvements (Kelly & Ilozor, 2013). Possible
explanations for these results include (1) inadequate sample size (n = 49), (2) the presence of
a technology maturation learning curve, and (3) the idea that the precision and effort required
to effectively use BIM may instigate delays in a manner not yet fully understood or
documented within the literature.
Research pertinent to the problem. The legal and administrative infrastructure
necessary for optimal BIM use by designers and contractors has lagged behind the
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deployment of the technology in industry practice (Ashcraft, 2009, p. 2). Additionally,
Ashcraft (2009) argues that BIM ought to be conceptualized primarily as a project delivery
method, similar to Froese’s (2010) framework, as opposed to strictly a digital information
technology. The legal issues associated with BIM use that necessitate delivery method
modification are proposed to include the following: data translation/interoperability, data
misuse, intellectual property, legal status of the model, standards of care, design delegation,
information ownership, and information preservation (pp. 13-17). These issues originate
endogenously from use of the technology by actors (p. 13), thereby exhibiting a marked
characteristic of the structuring process (Orlikowski, 2000). Furthermore, the legal
framework called for by Ashcraft can largely be achieved through the use of IPD, which
mandates for the sharing of model information by participants.
BIM may create as many problems as it solves. Post (2011) documented a legal
settlement between architects, engineers, insurers, contractors, and subcontractors concerning
BIM use on a recently completed university science building project. BIM was used to
design a very tight-fitting overhead mechanical and electrical system. However, engineers
neglected to inform the contractors of several pertinent installation limitations. In order to
correct the situation, significant additional work was required. Poor communication and
inexperience with BIM in construction were identified by the participants as underlying
causes of the conflicts. This finding reinforces the significance of technical expertise,
teamwork, and communication when using the technology.
Aggregated information technology systems, housing not only BIM data but all
relevant project information, have been proposed to leverage the emergence of advanced
computer technology available to the industry (Froese, 2010, p. 537). These aggregated
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systems are proposed to allow participant-selected views of the project information,
depending on the needs of the user at any given time. This eventually leads to automation of
project management activities. This automation is an instance of the modification of
participant scripts that can occur in response to technological deployment, that is,
structuration.
Despite calls for improved project performance over the last 30 years, the
construction industry’s gains on the whole have been minimal as evidenced by the overall
decline in productivity experienced by the U.S. construction industry (Teicholz, 2004). The
pursuit of progress vis-à-vis the execution and subsequent performance of building projects,
especially with respect to design errors, which directly lead to cost and schedule growth,
continues to be an unsolved problem. Progress lags notwithstanding a significant body of
work by many scholars and industry researchers (Love, Edwards, Han, & Goh, 2011, p. 174).
Through an investigation into the underlying causes of design error (e.g., lack of knowledge,
slips of attention, mistakes, and omission), Love et al. (2011) concluded that the introduction
of BIM technology alone cannot singlehandedly reduce design error. It may play a role in the
reduction of error if coupled with fundamental organizational initiatives (e.g., training,
coworker-supervisor trust, evaluations, and reminders) that work to reduce the primary
causal factors leading to design error (p. 184). This finding is another practical example of a
general theme present within the structuration literature: namely, that technology deployment
will not lead to improved outcomes in the absence of participant engagement. Furthermore,
even with participant engagement, the outcomes may vary greatly between settings
depending on the specific behaviors of the actors and their adoption and coping protocols.
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The framework put forth by Jung and Joo (2012) notes that “ . . . practical BIM
implementation effectively incorporates BIM technologies in terms of property, relation,
standards, and utilization across different construction business functions throughout project,
organization, and industry perspectives” (p. 127). This understanding of BIM incorporates
not only the physical technology but also the organizational protocols, as well as the
behavioral necessities for successful technology implementation. The results of their
literature analysis and conceptualization concluded that “reasoning with embedded
knowledge” (p. 131) is to be expanded in order to bring about optimal results using BIM
technology. This finding highlights the need for technical expertise and training with respect
to BIM deployment, as “reasoned” conclusions can be arrived at only through a thoughtful
consideration and understanding of the technology and its uses.
By the use of a survey questionnaire, Mutai (2009) found twelve factors that affected
the extent of BIM use by the leading general contracting firms in the U.S. These factors were
management support, training, capabilities, experience, relevance, support, technical
difficulty, interoperability, cost, scope, liability, and project delivery method (p. iii). Not
surprisingly, many of these factors require a commitment by the organization’s management
in addition to acquisition of the technology and willing employee participation. Consistent
with many studies focused on BIM adoption barriers, Mutai (2009) highlights the necessity
of organizational evolution to support technological adoption, a common theme presented
within the structuration literature. Absent in this study is a discussion of the efficacy of the
technology to affect project performance measures.
BIM has been studied in the context of undergraduate architectural studio. Envisioned
as the enabling technology for integrated practices, Ozener (2009) sought to develop an
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understanding of the possibilities of BIM, as both a technology and a process, within the
framework of integrated architectural education (p. 282). Relying on an assortment of
qualitative techniques (e.g., case study, focus groups, surveys, and direct observation),
Ozener concluded that architectural education must evolve to recognize and teach the
importance of the integration of design, environmental issues, life-cycle costs, maintenance,
cost, constructability, lean thinking, and other allied issues (p. 283). Furthermore, BIM is
proposed as a pivotal component in this new educational paradigm by allowing students the
opportunity to more readily visualize, revise, and subsequently optimize varied design
alternatives based on inputs from team members. Such an integrated educational program
may create graduates who are able to think in an integrated fashion, an attribute that may
hasten the integration of BIM and IPD in industry as envisioned by Froese (2010) and others.
To clear regulatory barriers that impede the use of BIM and other integrated practices
imposed by the bidding and procurement rules present in the public works arena, Liu (2013)
proposed Integrated Design-Bid-Build (IDBB). IDBB is a variant of the traditional D-B-B
delivery method. This method involves the procurement of construction through competitive
lowest-responsible-bidder criteria; however, the bidding documents mandate that the
contractor must incorporate BIM and much of the IPD doctrine (p. 52). Similarly, Singleton
and Hamzeh (2011) found that the Department of the Navy could benefit from the merger of
IPD principles into its construction contract methods without altering their standard written
agreements. The presence of these hybrid project delivery approaches, which blend so-called
integrated practices with traditional D-B-B delivery platforms, is evidence that there is a
desire among government and municipal contracting officials to effectively alter the behavior
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of contractors so as to potentially benefit from modified project outcomes that may be
enabled through the introduction of BIM and IPD.
Summary. The literature on BIM is far-reaching, with more than 1,000 publications
(both peer reviewed and non-peer reviewed) in existence on a variety of topics concerning
the technology. However, literature investigating the relationship between BIM and
performance outcomes, based upon the analysis of quantitative project data, using
statistically relevant sample sizes, is scant (Barlish & Sullivan, 2012, p. 152).
Of the ten studies reviewed that sought to examine a relationship between project
performance and BIM use, only two (Kelly & Ilozor, 2013; Suermann, 2009) used methods
involving the collection of quantitative data. While Parvan (2012) used an experimental
approach with a suitable sample (n = 33), the treatment (BIM use) was simulated onto the
data set; that is, the results are not based on actual project outcomes, but rather simulated
outcomes derived from expert elicitation. What’s more, both studies found mixed results;
most notably, in some instances there was no significant difference between outcomes of
projects that used BIM and those that did not. The remaining seven studies analyzed BIM
through the lens of case studies and other non-quantitative techniques. Five of these seven
concluded that significant benefits resulted from BIM use. Hence, a discrepancy exists
between the qualitative and quantitative literature concerning the impact of BIM on project
performance, further underscoring the need for additional research in this area. Previous
work concerning BIM and its relationships to project performance measures has identified
similar deficiencies within the literature (Barlish & Sullivan, 2012; Ilozor & Kelly, 2012;
Parvan, 2012; Suermann, 2009). Lastly, with the exception of the pilot study conducted by
Kelly and Ilozor (2013), studies were not found that analyzed BIM and IPD together in a
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four-group factorial or causal comparative manner as illustrated in Figure 6 and Table 1,
respectively.
Integrated project delivery. IPD is a relatively new alternative method for
contracting the design and construction services associated with large capital construction
projects. The AIA (2007, 2010, 2012) IPD framework calls for the integration of professional
staff from various participating firms, use of all available technology, alternative
organizational structures and hierarchy, and substitute methods for profit generation. The
goal of IPD is improved value for the customer by way of lower cost, quicker schedules, and
increased quality outcomes (AIA, 2007; NASFA et al., 2010). The AIA emphasizes six
characteristics that differentiate IPD from the other predominant construction delivery
methods: collaborative teams, shared processes, shared risk, collectively earned
compensation/reward, intensive communication/technology, and alternative multi-party
agreements.
NASFA et al. (2010) highlight the need for enhanced coordination among project
participants. They define three levels of coordination applicable to construction projects:
typical, enhanced, and multi-party “required” coordination. Additionally, they clearly
articulate the distinction between so-called IPD-ish arrangements and other philosophical
variants of IPD by specifying the necessity of a multi-party agreement for the use of genuine
IPD. Similar to the position taken by the AIA (2007), as well as Singleton and Hamzeh
(2011), NASFA et al. (2010) recognize that IPD principles can be applied to many varying
contract arrangements (e.g., CM, GMP, and D-B). Not surprisingly, a portfolio of 12 IPD
case studies published by the AIA (2010, 2012) included three projects executed with
traditional contract arrangements. Nonetheless, IPD in this study refers specifically to the use
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of a multi-party integrated agreement as recommended by the AIA, NASFA, and Lichtig
(2006). Refer to Figures 10 and 11 for representations, clarifications, and further definitions
of the three collaboration levels articulated. Refer to Figure 12 for a comparison of delivery
methods.

Figure 10. Collaboration matrix (NASFA et al., 2010).

Figure 11. Degrees of collaboration (NASFA et al., 2010).
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Figure 12. Delivery method comparison (AIA, 2007).
As noted above, the distinguishing mark of IPD is the multi-party agreement for
design and construction, which is executed by all major parties: owner, architect, contractor,
and key trade subcontractors (e.g., steel, exterior wall, mechanical, and electrical). The IPD
arrangement is a radical departure from the traditional delivery methods (e.g., CM GMP, DB-B, and D-B), which emphasize risk transfer from the owner to the contractors and architect
through hierarchical project structures.
Lichtig (2006) developed an integrated multi-party agreement for lean project
delivery (IFoA) that was used to deliver a $5 billion construction program for Sutter Health
in California. Additionally, ConsensusDocs 300 is a tri-party contract that allows for IPD.
Both agreements provide a mechanism for the addition of key subcontractors to the primary
design and construction agreement (Darrington & Balzarano 2010; Lichtig 2006). Refer to
Figures 13 and 14 for graphical representations of the traditional and integrated delivery
models.
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Figure 13. Traditional hierarchical project delivery method diagram.

Figure 14. Integrated project delivery method diagram.
Likewise, the AIA has developed document C191–2009, Standard Form Multi-Party
Agreement for Integrated Project Delivery, among several other standard forms, to support
IPD delivery. Nonetheless, until recently, bespoke agreements have largely been used for
both BIM and IPD implementations (Ashcraft, 2009). Supplemental background information
on IPD can be found in Ilozor and Kelly (2012) as well as Kelly and Ilozor (2013). The
remainder of this review of the IPD literature is subdivided into four sections: (1) research
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highlighting the need for quantitative outcome analysis, (2) studies concerning the impact of
the technology, (3) research pertinent to the problem, and (4) summary.
Research highlighting the need for quantitative outcome analysis. The results of a
multiple round Delphi survey of 51 owners, designers, constructors, and building users found
that IPD is perceived to be a more effective delivery method than D-B or D-B-B at positively
impacting various critical success factors, including construction cost, schedule, and quality
(Brennan, 2011). However, similar to much of the literature on BIM, these findings represent
the perceptions of users, not actual performance outcomes. Discrepancies between the
perceptions of participants and corresponding measured outcomes found within the BIM
literature are informative vis-à-vis the validity of these findings with respect to IPD. Survey
responses and interview data have often conflicted with observed performance outcomes and
other objective criteria (Chelson, 2009; Dossick & Neff; 2010; Suermann, 2009).
Research into the influence of procurement methods on the subsequent performance
of integrated design teams has suggested that while the integrated process has the potential to
improve performance, a paradigm change is required among project participants in order to
break down team member barriers and reap the benefits of organizational integration
(Forgues & Koskela, 2009, p. 383). Forgues and Koskela arrived at this conclusion after
conducting case studies of design team integration and then triangulating those findings with
the available literature on project management structures. The need for behavioral change to
support technology deployment is a common theme within the BIM, IPD, and structuration
literature. Consequently, it is possible that the efficacy of the working relationships that exist
between participants may have a greater impact on organizational performance than the
formal organizational structure employed (e.g., IPD, CM GMP, and D-B-B), or the
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technology made available to the project participants (e.g., BIM). Moreover, the mixed
results reported with respect to the relationships between BIM and project outcomes appear
to support this suggestion (Kelly & Ilozor, 2013; Suermann, 2009) and further draw attention
to the need for additional research on the link between tangible outcomes and use of the
technology and strategy.
A two-step qualitative methodology involving industry interviews (n = 9) and a
subsequent survey questionnaire (n = 415) was completed by Kent and Becerik-Gerber
(2010) to better understand attitudes and perceptions about IPD. Their conclusions indicate
the following: (1) IPD is not yet widely used in the industry; (2) “trust, respect, and good
working relationships” among team members is key success factor; and (3) those with IPD
experience also have greater experience with BIM (p. 824). The third finding—that those
with IPD experience also have greater BIM experience—is further evidence of a potential
synergy between the technology and strategy that may result in improved project outcomes.
Matthews and Howell (2005) evaluated the results of four cases of IPD use. Their
conclusions noted impacts on four fronts: design creativity, cooperation, innovation, and
collaboration (p. 50). Regarding design, they found that integration among team members
fostered the generation of creative ideas that otherwise would not have been discovered in a
traditional setting. As for cooperation and collaboration, they note that significant behavioral
change (e.g., common leadership staff funded by all participants and immediate problem
resolution) was evident on the IPD projects. However, the same primary and subcontracting
firms completed all four sample projects studied, suggesting that the positive outcomes noted
may actually result from established working relationships developed over the course of the
projects (i.e., maturation) rather than resulting directly from the form of agreement used.
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Furthermore, akin to many of the other case studies featuring IPD, the research is essentially
a static one-shot design, which is characterized by low validity and weak causation,
underscoring the need for further quantitative work.
The prevalence of opportunistic claims submitted by contractors involved in large
construction projects in the UK has been linked to low entry barriers and competitive lump
sum bidding (Rooke, Seymour, & Fellows, 2004, p. 655). Interestingly, the claims culture
exhibits signs of structuration, that is, industry participants acting out scripts consistent with
the cultural norms of the system in which they produce. Contrary to the views held by
advocates of IPD (AIA, 2007; NASFA et al., 2010), that performance outcomes can be
altered through reorganization of the contractual relationships between parties, Rooke et al.
(2004) caution that “ . . . a principle foundation of any culture is its familiarity to those who
participate in it; [therefore] the shared knowledge that a culture makes available to its
members is a source of conservatism that often leads to practices surviving even when the
utilitarian reasons for engaging in them have ceased to be effective” (p. 661). That is,
changing the delivery method (e.g., IPD) may not be radical enough modification to trigger
altered participant scripts (i.e., behavior) necessary to bring about modified project
performance outcomes. Therefore, quantitative outcome analysis is required to measure the
relationships between project performance measures and the use of BIM and IPD.
Studies concerning the impact of the technology. A quantitative analysis of project
performance measures associated with IPD found that the use of the strategy was associated
with 14 improved project performance metrics over six general performance fields (e.g., cost,
schedule, quality, changes, communication, and sustainability; El Asmar, 2012). A
combination of quantitative and qualitative performance data from 35 construction projects
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(12 IPD and 23 non-IPD) was collected via structured interview, and then analyzed by t-test
and principal component analysis. Surprisingly, with respect to cost per unit area and cost
growth, no significant difference was found between the IPD projects and those using
traditional delivery methods (p = 0.659 and p = 0.941, respectively). What’s more, no
significant difference in schedule growth was found between IPD and non-IPD projects (p =
0.281). However, IPD projects had significantly fewer punchlist items per million dollars of
construction cost (a relative measure of construction quality) than non-IPD projects (p =
0.013). Additionally, IPD projects experienced significantly fewer RFI per million dollars of
construction cost (a relative measure of design quality) than the non-IPD projects (p = 0.001).
What’s more, IPD projects were found to have improved outcomes associated with
participant communications, as well as waste recycling, by the use of various categorical and
quantitative metrics. Of note, it was reported in the body of the study that data from 35
projects had been gathered, with 12 projects utilizing IPD; however, a close examination of
the appendices revealed that, at most, data from only eight (and in some cases five) IPD
projects were used in the quantitative comparisons noted above, indicating omissions in the
data set. Moreover, such a small sampling of data from IPD projects (n = 8) raises a concern
with respect to the external validity of these findings, highlighting the need for further
research, with a larger sample size, in this area. While El Asmar’s conclusions suggested that
BIM use may contribute to enhanced outcomes, evidence at 95%, or even 90% CL, was not
presented. This situation provides further justification for additional research in light of the
overwhelming positive tone of the non-quantitative literature with respect to the combination
of BIM and IPD.
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Using data from nine IPD projects and 40 non-IPD projects, Cho and Ballard (2011)
investigated the performance of the IPD delivery method. They defined a composite
dependent variable, project performance, as the sum of the cost reduction ratio and the
duration reduction ratio. By way of a t-test, their results did not indicate a significant
difference in project performance between the IPD and non-IPD project groups. The study
did not control for the contribution of other independent variables (e.g., BIM use) or projectrelated covariates (e.g., project setting, site civil scope, number of floors, or gross area), a key
element of this dissertation. Additionally, the study did not differentiate between the various
non-IPD delivery methods (i.e., D-B-B, CM Cost+, CM GMP, and D-B), another factor
examined in this study. Nonetheless, the findings do generally coordinate with El Asmar’s
(2012) results, which did not find significant differences in the schedule and cost growth
performance of IPD projects.
A pilot quantitative study found mixed results with respect to the relationships
between project performance and IPD use (Kelly & Ilozor, 2013). Data from 49 completed
construction projects were analyzed by way of multivariate ANOVA and multiple range
tests. Contrary to El Asmar’s (2012) findings, but consistent with the general themes present
in the literature, projects using IPD were found to experience significantly lower levels of
cost growth (p = 0.000) than the traditional delivery methods. With respect to schedule
growth, no significant difference was found between IPD projects and the traditional delivery
models (e.g., CM GMP, D-B-B, and D-B), with the exception of D-B-B, which did exhibit
significantly higher levels of schedule growth (p = 0.000). This finding is consistent with El
Asmar’s (2012) results, but again inconsistent with the general themes present with the
literature; specifically, that the close coordination and early contractor involvement
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necessitated by IPD would reduce schedule durations through the resolution of
constructability issues, design coordination problems, enhanced team chemistry, and
improved workflow. Possible explanations for these divergent results included (1) inadequate
sample size (n = 49); (2) the presence of a maturation learning curve; (3) the cultural barriers
to successful IPD implementation, as noted in the literature, were too high for the project
teams to clear, leading to non-significant outcomes; and (4) the presence of other unidentified
complications associated with the IPD execution that instigate delays in a manner not yet
fully understood or documented within the literature. The mixed and contrasting results of
both quantitative studies (i.e., El Asmar, 2012; Kelly & Ilozor, 2013), in view of the themes
present in the qualitative literature, highlight the need for a more comprehensive analysis of
the relationships of project performance measures with the use of both BIM and IPD.
Research pertinent to the problem. A qualitative study of the decision-making
processes of six large construction owners, engaged in significant multi-project environment
(MPE) developments, identified the four most influential determinants in the selection of
construction delivery methods (Blismas, Sher, Thorpe, & Baldwin, 2004). The factors are (1)
environmental influences (e.g., site, political, physical and legal); (2) client influences; (3)
planning influences (e.g., prototyping, and lead times); and (4) third party influences.
Surprisingly, cost, schedule, and quality were not identified as factors influencing the
delivery method choice, suggesting that these owners do not perceive a relationship between
delivery method choice and resulting cost, schedule, and quality outcomes.
Partnering, an informal antecedent of IPD, encourages enhanced coordination,
improved relationships, and resolution of problems at the lowest hierarchical level towards
the achievement of mutually beneficial goals and outcomes (USACE, 2010). Chan, Chan,
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and Ho (2003) surveyed 78 industry professionals in Hong Kong. The sampling included
designers, contractors, and owners. A majority of respondents perceived that the most
significant benefits of partnering include improved relationships, communication, and
schedule durations (p. 531). The suggestion that partnering (a relational, interpersonal
process) may improve project schedule durations is noteworthy. Research on IPD, which
requires a parallel style of collaborative and unselfish participant behavior, has also indicated
that these behaviors may improve schedule outcomes (Brennan, 2011; Forgues & Koskela,
2009; Kent & Becerik-Gerber, 2010). This finding suggests that collaboration and
interpersonal coordination, with or without IPD, may be significant contributing factors
leading to improved performance outcomes.
El-adaway (2010) surveyed 21 industry professionals about their experiences and
recommendations with respect to integrated design and construction agreements. The
findings indicate that the challenges to successful implementation include (1) lack of early
contractor involvement; (2) lack of commitment to the process; (3) lack of mutual
understanding; (4) lack of clarity and openness with respect to cost, risk, and profit; and (5)
lack of adequate written agreements to capture the intent of the integration (p. 252).
Analogous to the structuration literature, these findings suggest that the use of an integrated
form of agreement alone will not deliver altered or improved outcomes; that is, participant
behavior and attitudinal change is also required for successful strategy implementation.
Design assist (D-A) subcontracting, a specialized type of relational subcontracting,
leverages the knowledge of specialty subcontractors in the design process towards the goal of
generating cost and schedule savings. These outcomes are thought to be brought about by the
resolution of drawing and constructability conflicts during design (Arizona Board of
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Regents/Alliance for Construction Excellence [ABR/ACE] 2007, p. 1). Through a critical
review of the literature on D-A, Kelly (2014) concluded that D-A “pushes” the project
designers in the direction of the contractors, producing an integrated situation that may
garner benefits for the owner, in addition to risks for the participants (p. 19). Model IPD
agreements (e.g., IFOA and Consensus Docs 300) include formal provisions for joining
subcontractors to the integrated team during design. This formalization is a significant
departure from the largely casual arrangements that exist in many D-A deployments today.
Similarly, Ghassemi and Becerik-Gerber (2011) examined how participants involved
with nine IPD projects cleared many of the commonly cited obstacles to successful IPD
implementation (i.e., legal, cultural, technical, and financial). Conclusions were based on an
analysis of qualitative data gathered through the semi-structured interview process. The
following activities, which were exhibited by a majority of the teams, are considered critical
to the fruitful implementation of IPD: (1) selection of experienced technology-minded
participants who are familiar with IPD; (2) clearly defined principal desired outcomes (e.g.,
scope, price, quality, and schedule); (3) established protocols for problem resolution; (4)
continued education and project support; and (5) early team integration, including specialty
subcontractors (p. 49). Comparable to the IPD case studies prepared by the AIA (2010,
2012), four of the nine purported IPD projects studied did not use a multi-party agreement,
which is the centerpiece of the IPD delivery method. This faux pas is an example of the
confusion that exists among both industry participants and researchers with respect to the key
functional elements of IPD.
As trust among team members has been identified as a key success factor for IPD
implementation (Kent & Becerik-Gerber, 2010), understanding how trust is built between
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team members involved in construction projects becomes urgent. Khalfan, McDermott, and
Swan (2007) interviewed 40 participants involved in five construction projects in the UK,
seeking to understand not only how trust is built, but also how it is broken. Their findings
show that trust in construction projects is built in five ways: positive experiences working
together, successfully solving problems together, the presence of shared goals with
interdependent team member tasks, favoring reciprocity, and reasonable team member
behavior (p. 387). Conversely, it was found that trust is broken by a failure of team members
to meet commitments or the misrepresentation of situations (p. 388). Given the importance of
trust in IPD implementation in combination with the criteria for its creation (noted above),
these findings suggest that in order for IPD to succeed, team members must be predisposed to
behave in ways that build trust amongst each other. Not surprisingly, the AIA (2007)
emphasizes many of these trust-building approaches in its definition and formulation of IPD
(see Figure 11). Furthermore, the multi-party agreement and shared risk and reward structure
of IPD appears to be devised to compel trust among team members, whether they are
predisposed to this outlook or not. Lastly, it reasons that in the absence of trust-building
behaviors by participants, an IPD deployment could be doomed given the interdependent
nature of the arrangement.
Darrington (2011) proposed that, in the event of administrative resistance or
insurmountable legal hurdles, a traditional D-B agreement could be structured to achieve a
majority of the anticipated benefits of the fully integrated multi-party construction
agreement. Substitution and blending of delivery methods, so-called IPD-ish arrangements,
have become more common in the industry in recent years (El Asmar, 2012). Acceptance of
these IPD-ish hybrid arrangements as a form of IPD has caused confusion and fomented
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circumstances where academicians have fallen victim to imprecise operational definitions in
their research (e.g., AIA, 2010, 2012; and Ghassemi & Becerik-Gerber, 2011).
Integrated design and delivery solutions (IDDS) have been proposed as natural
extensions of BIM and IPD; IDDS is purported to comprehensively incorporate and
synchronize people, processes, and technology issues associated with construction in order to
affect a fundamental revolution of the industry (Owen, Amor, Palmer, Dickinson, Tatum,
Kazi, Prins, Kiviniemi, & East, 2012, p. 233). The four pillars of IDDS are collaborative
processes, enhanced skills, integrated information and automation systems, and knowledge
management (p. 239). These pillars are deployed across the three mediums of project
production, namely, people, process, and technology. Similar to the benefits that the
proponents of BIM and IPD forecast, those writing about IDDS suggest that the performance
outcomes of interrelated and interdependent construction processes can be greatly improved
through the coupling of technology and process integration. The IDDS framework and
corresponding value proposition put forth by Owen et al. (2012) is expository in nature and
not based on the collection and analysis of data.
Forbes and Ahmed (2011) developed the moniker modern construction for the
amalgamation of sustainability, IPD, lean theory, and BIM. The outcome sought by this
combination of technology, process, and methodology is a decrease in cost and schedule
growth, with a parallel increase in quality. The reduction of waste is an explicit of goal of the
lean and sustainable movements; similarly, it is an implied goal of IPD and BIM. Kelly
(2012) developed a visualization of the interrelationships between the four components of
modern construction, as envisioned by Forbes and Ahmed (2011). Refer to Figure 15 for this
diagram.
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Figure 15. The integration of BIM, IPD, Lean, and Green (Kelly, 2012).
Summary. IPD is an alternative design and construction delivery method that aims to
deliver improved outcomes by better harnessing the expertise of team members through
organizational and technological coupling (AIA, 2007; NASFA et al., 2010). The most
significant distinguishing mark of IPD is the multi-party agreement between owner, designer,
and constructor (AIA, 2007, 2010, 2012; Lichtig, 2006; NASFA et al., 2010). While some
researchers have corrupted the investigation of IPD by including the so-called IPD-ish hybrid
arrangements in their samples (AIA, 2010, 2012; Ghassemi & Becerik-Gerber, 2011), this
research focuses strictly on analyzing the outcomes of projects that used multi-party IPD
contracts; specifically, those contracts characterized as Level Three contracts by the NASFA
et al. (2010; refer to Figure 11). Owners, designers, and contractors perceive that IPD
improves cost, schedule, and quality outcomes (Brennan, 2011); however, the quantitative
outcome-focused studies to date have found mixed results (El Asmar, 2012; Kelly & Ilozor,
2013). Pre-existing cultural norms represent a significant barrier for realization of improved
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outcomes sought by proponents of change (Rooke et al., 2004). This impediment challenges
the efficacy of IPD to stimulate transformation in an industry mired by lack of trust,
piecemeal specialization, component optimization, and general shortsightedness. Not
surprisingly, the structure of multi-party IPD agreements appears to be designed to compel
trust between team members through the establishment of common goals and communal
compensation, among other unique attributes (see Figure 12). Lastly, with the exception of
the pilot study conducted by Kelly and Ilozor (2013), studies were not found that analyzed
BIM and IPD together in a causal comparative or four-group factorial manner as illustrated in
Figure 6 and Table 1, respectively.
Construction cost growth. Cost growth is a commonly cited project performance
measure (dependent variable) used in the investigation of relationships that exist between
delivery methods and associated outcomes. Numerous research studies have been conducted
that analyze cost growth in construction. Weston and Gibson (1993) studied the cost growth
experienced in the construction of 44 USACE projects; 16 of the projects used partnering
agreements, while the remaining 28 did not. Results indicate that projects using partnering
agreements experienced significantly lower levels of cost growth than projects that did not
(p = 0.0118). In the same way, Pocock, Hyun, Liu, and Kim (1996) analyzed the cost growth
of 25 public sector construction projects and found no significant difference in cost growth
between projects using traditional, partnered, D-B, and other hybrid arrangements (p = 0.641,
0.286, and 0.400). Again, Larson (1995) investigated the cost growth of 280 construction
projects seeking to determine if significant differences existed between partnered and nonpartnered projects. The findings indicated that cost performance was significantly improved
(p < 0.01) when formal partnering was present. What’s more, Konchar and Sanvido (1998)
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analyzed data from 351 U.S. construction projects testing for significant differences in cost
growth between projects completed using one of three delivery methods: D-B, D-B-B, and
construction management. The D-B projects were found to experience significantly lower
levels of cost growth. Additionally, significant differences were not found between
construction management and the two other delivery methods. Gransberg, Dillon, Reynolds,
and Boyd (1999) conducted a statistical analysis of 400 Texas Department of Transportation
projects and found that partnered projects experienced about 50% of the cost growth of nonpartnered projects. More recently, El Asmar (2012) did not find significantly different levels
of cost growth between IPD and non-IPD projects (n = 35; p = 0.941). Lastly, Kelly and
Ilozor (2013) analyzed data from 49 construction projects and found that IPD projects
experienced significantly lower levels of cost growth (p = 0.000) than the traditional delivery
methods. The widespread use of cost growth as a dependent variable within the literature
justifies the use of this metric in this investigation. Furthermore, the literature has not
explained the relationship of cost growth with the use of BIM and IPD in a multipleindependent variable context. As such, further quantitative work is required to contribute a
greater understanding of the relationship between variables.
Construction schedule growth. Similarly, schedule growth is also a commonly cited
project performance measure (i.e., dependent variable) used in the study of the relationships
between technology and strategy (i.e., independent variables) and associated outcomes.
Numerous research studies have been conducted that also analyze schedule growth in
construction. A study of the schedule growth associated with 44 USACE projects revealed
that those projects using partnering agreements between the USACE and the contractor did
not experience significant lower levels of schedule growth (p = 0.3499) than projects that did
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not (Weston & Gibson, 1993). Also, a subsequent analysis of 25 public sector construction
projects found no significant difference in schedule growth (p = 0.067, 0.705, and 0.171)
between projects using traditional, partnered, D-B, and other hybrid arrangements (Pocock et
al., 1996). Likewise, an analysis of 280 construction projects found no significant difference
in schedule growth between partnered and non-partnered projects at the 95% CL (Larson,
1995). Data from 351 U.S. construction projects were examined for the presence of
significant differences in schedule growth among projects executed using one of three
varying delivery methods: D-B, D-B-B, and construction management (Konchar & Sanvido,
1998). Interestingly, the results indicate that the use of construction management and D-B
produced significant lower levels of schedule growth than the use of D-B-B. Furthermore, a
statistical analysis of 400 Texas Department of Transportation projects found that partnered
projects experienced about 50% of the schedule growth of non-partnered projects (Gransberg
et al., 1999). With respect to IPD, El Asmar (2012) did not find significantly different levels
of schedule growth between IPD and non-IPD projects (n = 35; p = 0.281). Lastly, an
analysis of 49 construction projects found no significant difference in schedule growth
between IPD projects and projects executed using traditional delivery methods (Kelly &
Ilozor, 2013). The widespread acceptance of schedule growth as a valid measure of project
schedule performance, as evidenced in the literature cited above, justifies the use of the
metric as a dependent variable in this investigation. Furthermore, the literature has not
explained the relationships of schedule growth with the use of BIM and IPD in a multipleindependent variable context. As such, further quantitative work is required to contribute a
greater understanding of the relationships between the variables.
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Design quality as measured by RFI. RFI is an official written inquiry, developed by
the contractor (or subcontractor) and directed to the architect, with regard to an error,
omission, or contradiction discovered by or made known to the contractor (AIA, 2007). The
number and frequency of RFI have been investigated as a dependent variable to
quantitatively gauge the quality of design documents. For example, Barlish and Sullivan
(2012) examined the number of RFI issued on three industrial projects and found that
projects using BIM experienced fewer numbers of RFI (p. 159), suggesting higher design
document quality enabled by BIM use. While researchers have used RFI as a measure of
design quality, Chelson (2010) used RFI as an indicator of productivity, noting that excessive
RFI can slow the progress of work, thereby impacting productivity rates, as crews wait for
missing information to be provided by the designers.
Delgado-Hernandez and Aspinwall (2008) developed a construction quality
framework representing the essential elements, from an organization perspective, required to
foster quality in construction. In concert with the general themes from the structurational
literature, company culture is the foundation of the Delgado-Hernandez and Aspinwall
framework. This again highlights the preeminence of people, their actions, belief systems,
and general disposition in the successful execution of work. This understanding, by
extension, suggests that IPD arrangements, where participants are contractually bound
together to deliver a desired outcome, should experience fewer RFI. It reasons that the
cultural behavior mandated among team members would foster problem solving and
enhanced levels of teamwork. Nevertheless, Dossick and Neff (2010) found that the
availability of enhanced coordination enabled by BIM technology did not necessarily reduce
the need for numerous formal written RFI, as cultural and contractual constraints governed
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the behavior of the project participants and the resulting number of RFI (p. 465). Conversely,
Giel et al. (2010) conducted four qualitative case studies of BIM-enabled and non-BIMenabled projects and observed a reduced occurrence of RFI associated with BIM use.
El Asmar (2012) investigated RFI per million dollars of construction associated with
IPD and non-IPD projects and found that the IPD projects experienced significantly fewer
RFI (p = 0.001). El Asmar characterized RFI as a communication metric rather than a design
document quality metric, reasoning that RFI is a source of waste that leads to lost
productivity (similar to Chelson, 2010), workforce interruption, and discontinuous operations
(p. 124). Nonetheless, in light of the AIA (2007) definition, RFI is used as a design quality
metric herein. Moreover, this study uses the ratio of the total number of RFI per gross square
foot. This is a unique metric that provides an indication of the number of design problems per
unit area, as opposed to RFI per million dollars of construction as investigated by El Asmar.
Gallaher et al. (2004) investigated interoperability in the design and construction
business and found that increased operability, similar to that envisioned by proponents of
BIM and IPD (AIA, 2007; NASFA et al., 2010), can reduce the amount of time expended
(wasted) in preparing and responding to RFI (p. 6-6). Kent and Becerik-Gerber (2010)
surveyed 415 industry participants and found that a slight majority (58.6%) of respondents
associated fewer RFI with BIM use. Lichtig (2006) proposes that RFI can be eliminated
almost entirely in the context of Lean IPD and used only to document decisions already made
in the course of conversations among team members (p. 6). Mutai (2009) surveyed
employees of 121 building construction contracting firms about the effect of BIM on
construction and found that the response time associated with RFI could be reduced through
the inclusion of BIM-generated 3D screen-capture images. The 3D screen-capture images
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quickly illustrated the problem for the designers and allowed a more timely response and
resolution. Mutai (2009) did not find a reduction in the quantity of RFI associated with BIM
use.
The literature has not addressed frequency of RFI per unit area (i.e., RFI ratio).
Additionally, a clear and compelling theme, backed by rigorous quantitative studies,
explaining the relationships of RFI frequency with the use of BIM and IPD is not present
within the literature. As such, further quantitative work is required to contribute a greater
understanding of the relationships between the variables.
Construction quality as measured by punchlist. Although the term punchlist is
well known and understood among many industry participants, a longstanding, commonly
cited, and widely accepted written definition does not exist (Greer, 2002, p. 1). For example,
none of the prominent standard suites of contract documents proffered by the AIA, AGC,
Design Build Institute of America (DBIA), Construction Management Association of
America (CMAA), or the Engineers Joint Contract Documents Committee (EJCDC) clearly
define the term punchlist (Greer, 2002, p. 1). However, a relatively new industry association
founded in 1994, the Associated Owners and Developers (AOD), has published the following
definition: “ . . . a detailed list of all incomplete and non-conforming items of work to be
completed prior to final payment, the completion of which will not interrupt, disrupt or
interfere with the occupancy or utilization of the project for its intended use” (AOD, 2000).
This definition represents an amalgamation of the common industry understandings of the
term.
It has been recommended that the punchlist for a given project be reviewed as a
means of understanding and assessing the compliance of the contractor’s work with the
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requirements of the contract documents, that is, a form of quality control (Applegate &
Matthews, 2002, p. 55). Teamwork, coupled with an early emphasis on quality and
constructability, may help reduce the size and difficulty of the punchlist (Boyle, 1993).
Likewise, Deffenbaugh (1993) reported a reduction in the number of punchlist items
associated with the implementation of a jobsite Total Quality Management (TQM) program.
This observation is congruent with the positions put forth by the AIA (2007); specifically,
that while the process of correcting punchlist items is not appreciably affected through the
use of IPD (p. 31), as the occurrence of IPD projects increases, construction quality norms
will be raised (p. 17).
Characterizing punchlist as a quality metric, El Asmar (2012) examined the incidence
of punchlist items per million dollars of construction cost and found IPD projects
experienced significantly fewer punchlist items (p = 0.013) than non-IPD projects (p. 107).
Additionally, Froese (2010, p. 536) proposed that punchlist items and defects should be
featured as secondary parameters within the schematic project management framework (refer
to Figure 1), confirming the importance of the metric as a valid measure of construction
project quality. Gallaher et al. (2004) notes the importance of punchlist completion in the
commissioning and close-out phase of the project management process by diagrammatically
presenting punchlist completion as a predecessor activity to the final payment of the
contractor (p. A-9). This representation highlights the importance of the metric in signifying
the final completion of the project and achievement of the specified quality level. Suermann
(2009) included punchlist as a quality metric in the evaluation of the effect of BIM on
construction. In brief, the quantification of punchlist items by total number, man-hours
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expended, or other metric is a key performance indicator in construction (Cox, Issa, &
Ahrens, 2003).
The literature has not addressed the frequency of punchlist items per unit area.
Additionally, a clear and compelling theme, backed by rigorous quantitative studies,
explaining the relationships of punchlist frequency with the use of BIM and IPD is not
present within the literature. As such, further quantitative work is required to contribute a
greater understanding of the relationships between the variables.
Historical Perspective
This section briefly reviews the history and evolution of both BIM and IPD.
BIM development. As far back as the mid 1970s, Eastman, Lividini, and Stoker
(1975) began developing the concept for a Building Description System (BDS) to investigate
the modeling of intricate and multifaceted material structures through the application of
digital technology (p. 603). Eastman et al. (1975) foresaw the use of a single integrated
building model that would be used by project participants for “ . . . communication, analyses,
coordination, and fabrication” (p. 603). Additionally, they predicted the eventual digitization
of design work where architects and engineers could assemble a database representing the
design in lieu of the preparation of conventional two-dimensional (2D) plans. Notably, the
entire prototype BDS computer program file developed by Eastman et al. was only 120KB.
Aish (1986) provided the theoretical underpinnings of a 3D integrated construction
CAD system, including examples of its possible application, such as clash detection between
building structure and services, and model-based renderings. A primary concept put forth by
Aish (1986) was that integrated CAD systems merge genuine geometric attributes of building
components with representational icons of the building, all within a common model (p. 63).
An example of this idea can be found in the common interior door, which is depicted one
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way in a plan view (i.e., icon view) and in quite a different manner in 3D view (i.e., genuine);
however, both views are housed in the same model. Appreciation of this circumstance is a
necessary precondition to understanding the underlying complexity of 3D integrated design
systems.
Recognizing that each functional group of project participants may require a different
view of the project data contained in an integrated model, van Nederveen and Tolman (1992)
outlined the concept of aspect models, which would house “view specific information” for
project participant retrieval (p. 215). For example, structural engineers would have a different
view of the building information than space designers or mechanical engineers. Van
Nederveen and Tolman (1992) used the term building reference model to describe the
complete unified assembly of various discipline-specific aspect models generated for a given
project. The concept of aspect models has since come to full fruition in current BIM
technology as various users (e.g., engineers, architects, contractors, suppliers and
subcontractors) can mine the completed model for specific information of interest to them.
Aish (2000) proposed an enterprise computing system that would be tailored to the
needs of the construction industry, namely “ . . . geometric generality, multiple application
semantics, multi-user access, and transaction management” (p. 4). Moreover, the strategic
concerns of industry participants with respect to integrated systems at the time were
enumerated. These included semantic completeness, data integrity, data longevity,
parallelization of design, and expressibility (p. 5). The makings of what is now known as
BIM were advancing and moving quickly towards standardization.
However, the term BIM did not gain widespread acceptance until 2002, when it was
first proposed as a generic catchall phrase for the evolving technology (Laiserin, 2002). Up
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until that time, competing terms and monikers had been proposed by academicians and
software industry technicians alike; these competing names included building description
system, 3D CAD, building reference model, and integrated project modeling, to name a few.
Scholarly research on varying aspects of BIM flourished in the early 2000s, with
more than 600 peer-reviewed articles published as of 2013 (Barlish & Sullivan, 2012).
What’s more, a Google Scholar (http://www.scholar.google.com) search of the phrase
“building information modeling” in the title returns over 1,000 articles. The peak year to date
for scholarly published research on BIM was 2014 (Google, 2014).
IPD progression. The construction industry, one of the largest industries in the
United States (U.S. Department of Commerce, Bureau of Economic Analysis, 2010), has
been experiencing a decline in productivity since 1964 (Teicholz, 2004). Additionally, the
industry is often portrayed as ineffective, wasteful, antagonistic, and in desperate need of
advancement (AIA, 2007; Gallaher et al., 2004; Rooke et al., 2004). A case in point: the two
million-square-foot Empire State Building in New York was completed in 1931 in just over
13 months (Sacks & Partouche, 2011). This accomplishment is viewed by more than a few
industry practitioners as unachievable nowadays. Several factors have been pointed to as
contributing to the situation: legal environment, competitive tendering, the claims culture,
regulation by government, project complexity, interoperability, labor issues, broken delivery
models, and the absence of a master-builder model (AIA, 2007, Gallaher, 2004; Rooke et al.,
2004).
Meanwhile, over the last 25 years, a procession of new management techniques and
organizational models (e.g., total quality management [TQM], partnering, modularization,
sustainability [green], and application of the Toyota production system [lean]) have been
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proposed by academicians and industry practitioners in an attempt to correct some of the
problems that persist. The most widely used and accepted of these predecessor techniques is
project partnering. Lahdenpera (2012) examined partnering, alliancing, and IPD by
cataloging the similarities and differences between them. IPD combines and takes advantage
of many of the positive features and attributes of both project partnering and alliancing (p.
61). To that end, Lahdenpera (2012) identified five key areas where overlap occurs between
IPD, partnering, and alliancing: early sub/contractor involvement (design-assist); transparent
project accounting, risk/reward profile, decision making protocols, and the presence of a
written document memorializing the parties desire and agreement to collaborate (p. 57).
Understanding the era of partnering’s rise (1990s), such a finding situates partnering as a
justifiable predecessor to IPD.
An organization of contractors and designers known as the Integrated Project
Delivery Collaborative of Ocoee, Florida (Collaborative), pioneered an outline of what
would become the IPD process in the late 1990s (Garrison, 2013). The group subsequently
filed for a trademark of the phrase integrated project delivery in 2000 and secured final
registration of the mark in 2005 (U.S. Trademark No. 2971009, 2005). Furthermore, the
outcomes associated with four projects completed by the Collaborative using their IPD
methods were documented and analyzed in Matthews and Howell (2005) and previously
discussed herein.
Meanwhile, Sutter Health in California was using relational multi-party agreements
under the moniker Lean Project Delivery (LPD) to complete large capital facilities (Lichtig,
2005; Post, 2007). These agreements were based on the so-called Five Big Ideas (i.e.,
collaboration, projects as networks, optimize the whole, increase relatedness, and couple
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learning and action). LPD is a close variant of IPD, as defined by the AIA (2007) and
NASFA et al. (2010). More recently, the guidelines and case studies published by the AIA
(2007, 2009, and 2012) and NASFA et al. (2010) are evidence of greater interest in IPD
among industry participants, general knowledge and awareness of the term IPD, and overall
acceptance of the model as a viable competing delivery method to D-B and CM GMP.
Similar to BIM, scholarly research on varying aspects of IPD flourished in the early
2000s. A Google Scholar (http://www.scholar.google.com) search of the phrase “integrated
project delivery” in the title returns more than 200 articles. The peak year to date for
scholarly published research on IPD was 2014 (Google, 2014).
Methodology and Research Design Literature
This section reviews descriptive-cum-quantitative research designs. The focus is
providing context, definitions, and examples of where these research designs have been used
in both construction and management research.
Descriptive methods. By analyzing past events with quantitative techniques, the
descriptive research method seeks to identify characteristics of, and relationships between,
the variables under investigation (Leedy & Ormrod, 2010, p. 182). Within the realm of
descriptive research, causal comparative research designs investigate the degree to which
certain independent variables may be related to other dependent variables (Leedy & Ormrod,
2010, p. 238). Similar to correlational studies, the causal comparative design uses deduction
to examine how and why a particular phenomenon occurs. Nevertheless, causal comparative
designs cannot establish cause and effect, only inferences about the relationship between
variables (Lenell & Boissoneau, 1996, p. 60). There are numerous instances of the use of
causal comparative research within the construction management literature. A few examples
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cited herein include a pilot study on the relationships between BIM, IPD, and project
outcomes (Kelly & Ilozor, 2013); a dissertation on IPD and key performance indicators (El
Asmar, 2012); and a dissertation on the relationship between BIM and productivity in
construction (Chelson, 2010).
Experimental methods. By controlling for as many variables as possible and only
allowing the factor under investigation to vary, pure experimental methods provide the most
reliable evaluation of cause-and-effect (Leedy & Ormrod, 2010, p. 223). For obvious
reasons, the use of pure experimental techniques is not practical in the evaluation of
problems involving the construction of large multi-million dollar buildings. Hence, quasiexperimental techniques are often used. “Although [pure] experimentation is not feasible, the
researcher identifies events that have already occurred or conditions that are already present
and then collects data to investigate a possible relationship between these factors” (Leedy &
Ormrod, 2010, p. 239). The four-group two-factor design (Leedy & Ormrod, 2010, p. 240) is
an example of a quasi-experimental array suitable for the analysis of the relationship of
project performance with the use of BIM and IPD. Refer to Figure 6 for a diagram of the
four-group two-factor design used herein. There are numerous instances of the use of quasiexperimental research within the management literature. A few examples include an
evaluation of partnering effectiveness (Nystrom, 2008); a study of team responsiveness and
customer relationship management (Gefen & Ridings, 2002); and a study on management
coach efficacy (Evers, Brouwers, & Tomic, 2006).
Key Gaps in the Literature
The following key gaps in the literature have been identified:
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•

The absence of generalizable empirical evidence linking BIM and IPD use to
significant different project outcomes;

•

The results of quantitative studies examining the efficacy of BIM and IPD do not
corroborate the findings present in the qualitative research;

•

The relationships of project performance with the use BIM and IPD in a multipleindependent-variable context has not been examined;

•

BIM and IPD have not been examined together in a four-group factorial design as
illustrated in Figure 6; and

•

The frequency of RFI or punchlist items, per unit area, has not been investigated as a
dependent variable associated with BIM and IPD use.

Conclusion
A novel application of structuration theory in the arena of building construction is
undertaken—specifically, the relationships of project performance with the use of BIM and
IPD. Thorough review of the literature has identified a discrepancy between the qualitative
and quantitative literature concerning the impact of BIM on project performance. What’s
more, with the exception of the pilot study conducted by Kelly and Ilozor (2013), studies
were not found that analyzed BIM and IPD together in a descriptive-cum-quantitative manner
as illustrated in Figure 6 and Table 1, respectively. While owners, designers, and contractors
perceive that IPD improves cost, schedule, and quality outcomes, the quantitative outcomefocused studies to date have reported mixed results. With respect to measurement and
quantification, it has been established that cost growth and schedule growth, along with the
number of RFI and punchlist items, are recognized key performance indicators (dependent
variables) of cost, quality, and schedule. Having conducted a comprehensive evaluation of
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the literature on structuration theory, BIM, IPD, the four dependent variables (i.e., cost
growth, schedule growth, RFI, and punchlist), and the proposed research designs, a thorough
review of the proposed methodology is needed to bring operational specificity to the
investigation.
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Chapter 3: Research Design and Methodology
Introduction
This chapter presents the research designs and methodology selected, along with the
conceptual framework, research questions, hypotheses, sample, sampling techniques, data
collection, data analysis protocols, limitations, delimitations, and assumptions. Additionally,
the results of the predecessor conceptual study and pilot study are reviewed. A descriptivecum-quantitative research methodology was used for the investigation. Moreover, a causal
comparative research design was used in combination with a four-group factorial design.
Conceptual Framework
The structuration theoretical framework positions the use of BIM and IPD as strategic
changes (radical exogenous events) that have the potential to stimulate reorganization in the
social order of the design and construction processes. This reorganization has the potential to
alter participant scripts and affect the resulting system outcomes. Figure 5 (see Chapter 1)
depicts this theoretical framework broadly applied to the problem. Figure 16 illustrates the
conceptual framework for the study, specifically highlighting the role of the independent
variables (BIM and IPD), the dependent variables, and the input/output structure of the
analysis. The conceptual framework places BIM and IPD as inputs to the design and
construction process. Similarly, cost growth, schedule growth, RFI per gross area, and
punchlist per gross area are depicted as outputs of the process. The objective of the causal
comparative analysis is to better understand the relationships between project performance
measures and the implementation of BIM and IPD. In the same way, the objective of the
four-group factorial analysis is to determine whether projects utilizing BIM and IPD
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experienced significantly different levels of key project performance measures than
traditional projects, which did not utilize the technology and strategy.

Figure 16. Conceptual framework.
Conceptual study. Through review and critical analysis of the literature, a
framework for understanding the relationship between BIM and IPD was conceptualized.
Several important gaps in the literature were identified, including the absence of a rigorous
quantitative analysis of the relationships between project performance measures with the use
of BIM and IPD. The BIM/IPD IM (refer to Figure 4) was developed as part of the
conceptual study, and the results were published in Ilozor and Kelly (2012).
Pilot quantitative study. To further refine the line of inquiry and develop a greater
understanding of the logistics and feasibility of the final investigation, a pilot quantitative
study was conducted. A purposive mix of primary and secondary data (n = 49) from building
construction projects was analyzed. Unexpectedly, the pilot study results diverged from
many of the common themes present within the literature. In particular, the following was
found: Projects that used BIM in construction were found to experience significantly higher

77
levels of cost and schedule growth than projects that did not use the technology; and, with the
exception of D-B-B projects, IPD projects did not experience significant levels of schedule
growth when compared to projects that did not use the technology (e.g., CM GMP, CM
cost+, and D-B). However, several findings were consistent with the literature. For example,
IPD projects were found to experience significantly lower levels of cost growth (p = 0.000)
than the projects using traditional delivery methods.
Borderline results were found with respect to the relationship of BIM in design with
cost and schedule growth. When using Fisher’s LSD, Tukey’s HSD, Scheffe’s and
Bonferroni’s statistic, no significant difference in cost or schedule growth was found between
projects that used BIM in design and those that did not. Yet, when Duncan’s multiple range
test and the Student-Newman Keuls method were used, the difference between both means
(2.12% vs. 4.66% for cost growth; and 6.46% vs. 13.14% for schedule growth) was
significant at the 95% CL. The combined result of simultaneous BIM and IPD use was not
investigated. The full results are published in Kelly and Ilozor (2013). Several reviewers of
the pilot study suggested expanding the investigation to include design and construction
quality metrics so as to more fully scrutinize the relationships between the use of the
technology and strategy and the three key elements of project performance. This
recommendation is incorporated into the methodology presented herein. Additionally, it was
suggested that the study include a four-group factorial analysis (similar to Figure 6) to allow
for the examination of the combined effect of the technology and strategy on performance
outcomes, in lieu of examining each variable separately.
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Research Questions
Guided by the problem statement, the identified key literature gaps (see Chapter 2),
the conceptual framework, and the pilot study results discussed above, the research questions
(see below) probe further into the unexpected results, noted discrepancies, and general
omissions that exist between the qualitative and quantitative literature concerning BIM and
IPD use. Although many additional research questions could justifiably be formulated (and
may be explored further in subsequent studies), this dissertation is limited to investigating
only the following critical questions:
1. Do projects that utilized both BIM (in either design, construction, or both) and IPD
experience significant levels of cost growth, schedule growth, RFI ratio, and punchlist
ratio when compared to the other possible combinations of the technology and
strategy (see Figure 6, four-group design)? Is an interaction effect evident when BIM
technology and IPD strategy are used?
2. Do the identified covariates (see Table 1) exhibit significant relationships to the four
dependent variables (i.e., cost growth, schedule growth, RFI ratio, and punchlist
ratio)?
Hypotheses
The null hypotheses are:
1. Projects that utilized BIM in design will not experience significant levels of cost
growth when compared to projects that did not use the technology.
2. Projects that utilized BIM in design will not experience significant levels of schedule
growth when compared to projects that did not use the technology.
3. Projects that utilized BIM in construction will not experience significant levels of cost
growth when compared to projects that did not use the technology.
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4. Projects that utilized BIM in construction will not experience significant levels of
schedule growth when compared to projects that did not use the technology.
5. Projects that utilized IPD will not experience significant levels of schedule growth
when compared to projects that did not use the strategy.
6. The identified covariates (see Table 1) will not exhibit significant relationships to the
four dependent variables (i.e., cost growth, schedule growth, RFI ratio, and punchlist
ratio).
7. Projects that utilized both BIM (in either design, construction, or both) and IPD will
not experience significant levels of cost growth, schedule growth, RFI ratio, and
punchlist ratio when compared to the other possible combinations of the technology
and strategy (see Figure 6, four-group design). An interaction effect will not be
evident when both the technology and strategy are used.
Reliability and Validity
Reliability is a gauge of the consistency of measured results (Leedy & Ormrod,
2010). The data collection instrument was simple, straightforward, and easy to use (see
Appendix A). Data gathered from completed projects were considered viable for use if
information on nine of the 14 variables (see Table 1) under evaluation was available;
furthermore, all data were consistently recorded and scrutinized to bolster accuracy. Project
participants were queried if the required research data were not readily available or if
conflicts existed within the archival files.
Validity was strengthened through several mechanisms. The participating
construction contractor’s staff was not informed of the specific research questions or
hypotheses under study. Additionally, when possible, data from building projects with
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similar physical attributes were used (e.g., number of levels, project type, site civil scope) to
reduce the potential presence of confounding variables. Lastly, triangulation, the
interpretation or squaring of findings generated through the use of multiple research designs,
sets of data, or analysis techniques, was used to help increase the internal validity.
Methodology Description
Population. The exact size of the population under study (i.e., commercial
construction projects designed and built employing BIM and IPD technology) is unknown;
however, as of 2010, the number was estimated to be relatively small (Kent & BecerikGerber, 2010). For the purposes of this study, this population is assumed to be 300 projects
across the U.S. The population for projects that have not utilized BIM and IPD technology is
very large; essentially, it is every commercial building built prior to 2002 and a large
majority of projects constructed since 2002.
Sample and sampling technique. The minimum sample size required for baseline
comparative evaluation is subjective; however, it has been recognized that a sample size
between 30 and 38 (1) sufficiently reduces the estimator dispersion, (2) allows for a
reasonable level of data collection effort, and (3) is satisfactory for valid statistical analysis in
many varying situations (AIHA, 2010, p. 2; Dell, Holleran, & Ramakrishnan, 2002, p. 212;
Fellows & Liu, 2008, p. 162; Gong, Chen, & Li, 2001, p. 223; Ilozor, 2009, p. 765). While a
sampling of data from 35 projects is considered statistically adequate and reliable, a larger
sample (n = 93) was used for this investigation.
Purposive sampling was used for data collection. Purposive sampling techniques
engage the researcher’s judgment to spotlight exacting characteristics of the population and
sub-populations under investigation. The latitude provided by this technique allows for the
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comparison of outcomes between groups that may not otherwise be attainable with common
probability sampling (Leedy & Ormrod, 2010, pp. 210-213). This technique was chosen
specifically because the number of projects using BIM and IPD is very small when compared
with the number of projects not using either the technology or strategy. This population
disparity had the potential to invalidate the comparative analyses, in the absence of suitable
sub-group sample sizes made available through purposive techniques.
Data collection procedures. Considerable effort was expended gathering data for the
analysis. The data were collected from the files of a participating construction firm. The
participating firm is a leading general contractor and construction manager operating in the
United States and abroad with more than 10 regional offices, annual revenues exceeding $1.1
billion, and more than 1,000 employees. Refer to Appendix A for the archival data collection
form. Specific identifying information about the individual project participants (e.g., project
owner, architect, contractor, and subcontractors) was not recorded. The data collection
process required the researcher to interact with members of the participating construction
contractor’s staff in order to fully complete the data collection process, as all of the required
information was not readily attainable from the archival files. In a handful of instances, the
participating contractor’s staff members could not precisely recall the exact quantity of RFI
and punchlist items for a subject project. In these situations, the staff provided their best
recollection of the counts. All information is held in the strictest confidence; all collected
data are kept in a secure file. Participation in this study did not involve any known risk to the
participating construction contracting firm. Permission to access to the data and written
approval of the data collection procedure was obtained from a Senior Vice President of the
participating construction contracting firm. Additionally, to bolster external validity and
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increase the size of the data set, the collected data were combined with performance data
from six IPD case studies published by the AIA (2010).
Data analysis techniques. The dependent variables in the analysis (i.e., cost growth,
schedule growth, RFI ratio, and punchlist ratio) were calculated from the raw data collected.
As such:
•

Cost Growth = 100 x (final cost - estimated cost)/estimated cost

•

Schedule Growth = 100 x (final schedule - estimated schedule)/estimated schedule

•

RFI ratio = # of RFI / (Gross area/1,000)

•

Punchlist ratio = # of Punchlist items / (Gross area/1,000)

The remaining collected data were analyzed directly from the collected responses.
The data were first analyzed using basic descriptive statistics, including the mean,
median, and standard deviation. Normality tests were performed on the response variables to
determine if the data generally follow a normal distribution. Non-normal response data were
corrected to a normal or near-normal distribution using one of several transformation
techniques including (1) natural log, (2) exponent (power), (3) the Box-Cox, and (4)
reciprocal transform.
Testing hypotheses: The collected data were regrouped in order to conduct the fourgroup factorial design featured in Figure 6; univariate and multivariate ANOVA in
conjunction with multiple range tests were utilized for the analysis. Firstly, the data were
segregated in multiple levels: BIM without IPD; IPD without BIM; BIM and IPD; and no
BIM and no IPD (control). Secondly, the data were regrouped to isolate BIM (yes/no) and
IPD (yes/no) use. The objective was to test for significant differences between the means of
the dependent variables for each level of the independent variables.
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The presence of categorical (ordinal and nominal) and quantitative (discrete and
continuous) data in combination with the potentially non-normal distribution of the
dependent variables makes Generalized Linear Models (GLM) in conjunction with the
natural log, exponent, reciprocal, and the Box-Cox transform appropriate analysis tools.
Employing a generalized version of least squares, GLMs compute an iterative algorithm
(known as a Fisher score or F-ratio), and are well suited for data sets containing a mix of
categorical and quantitative data (Agresti, 1990, pp. 82-83).
Statistical calculations were completed using STATGRAPHICS Plus 5.1
(Statgraphics) computer software. Thirty-two separate models were developed from the full
data set (n = 93), that is, eight models for each of the four dependent variables. Twelve
additional multivariate models were developed to analyze a subset (i.e., healthcare projects)
of the full data set. The data set was randomized prior to analysis. Multivariate and univariate
ANOVA was used to test the previously identified hypotheses. Least squares regression was
used. The models were not developed for predictive purposes but rather for the identification
and ranking of the relationships between the dependent and the independent variables.
Multiple range tests were used to further investigate the independent variables and determine
whether differences between the means at each level of the variables were significant.
Weighted least squares regression, with 1/residuals2 as the weighting factor, was considered
only if (1) its use did not increase multi-collinearity and (2) serial autocorrelation of the
residuals could not otherwise be rectified. Factors that were found to be linear combinations
of other factors were eliminated from the analysis. Likewise, outliers were investigated and
evaluated on a case-by-case basis for possible elimination from the data set. With the
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exception of the interaction between BIM and IPD (i.e., BIM*IPD), two-fold interactions
between predictor variables were not investigated.
Human subjects review. A Request for Human Subjects Approval Form was
completed and submitted to the Graduate School for approval prior to collection of any data.
The University Human Subjects Review Committee reviewed the project and deemed the
research exempt. Refer to Appendix B for the committee decision letter. The researcher has
completed Collaborative Institutional Training Initiative (CITI) training.
Study limitations and delimitations. This study focuses on the relationships of
project performance with the use of BIM and IPD in the context of the commercial
construction industry. Construction of so-called horizontal works (e.g., roads, bridges, and
utility lines) has not been considered as these types of projects differ significantly from
commercial building projects in their complexity, levels of inter-firm coordination, and
contracting conventions (i.e., delivery methods). Additionally, IPD has not been used
extensively for these works; so relevant data are not readily available. Likewise, low-rise
residential projects and retail construction are not evaluated as these projects are less
complex than typical commercial and industrial construction; additionally, very few (if any)
of these projects are executed with either BIM (in construction) or IPD, making data
collection nearly impossible. What’s more, projects for the federal government are not
studied because of the significant number of constraints present in government construction
(e.g., Federal Acquisitions Regulations [FAR]), which undoubtedly affect project outcomes.
As such, findings from this research may only be transferable or informative in those sectors
by analogy. The study investigates the individual and collective relationships of the
technology and strategy to cost, schedule, and quality. Issues such as safety, profit or loss,
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and litigation frequency are not under evaluation. It is recognized that other factors may
precipitate varying project outcomes; however, given the available time and resources, the
study is confined strictly to determining the presence of a statistical relationship between the
variables and the technology and strategy.
The examination of growth metrics (i.e., cost growth and schedule growth) is not
without disadvantage. For example, it is possible that realized cost savings may be converted
into additional work scope by project owners—a situation that could yield misleading results.
Moreover, schedule savings may be eroded by delays unrelated to project team performance
(e.g., permit delays, adverse weather, and other force majeure events). Nonetheless, growth
metrics are viewed to be superior to unit cost (cost per area) and schedule intensity (revenue
per month) metrics in this study, where data from different building types are used. This is
because the various project types (e.g., commercial, healthcare, and industrial) have
dissimilar unit cost and schedule intensity means that are unrelated to the delivery method
and technology used during construction.
There are limitations with respect to the application and use of any findings. Many
variables contribute to the outcomes of large-scale construction projects. Issues such as
weather, complexity of design, interpersonal and cultural dynamics, language barriers, and
regional peculiarities may all have influence on cost, schedule, and quality outcomes. The
study records and analyzes many independent and potentially confounding variables (e.g.,
project setting, project type, site civil scope [e.g., extent of paving, mass earthwork,
landscaping, and utilities], number of floors, and gross building area) associated with subject
projects; however, given the setting and the nature of the problem, it is not feasible to control
for all potentially contributing variables. Additionally, nearly all of the data were collected
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from a single construction contractor; hence, the results may not be representative of the
industry at large. Issues such as company culture, training, operational procedures, recruiting
practices, and compensation may all affect project outcomes experienced by the participating
contractor. However, the size of the participating contractor (i.e., large), along with the
variety of different project types, contract formats, and geographic reach from which the data
were gathered serves to mitigate (to an extent) this otherwise potentially confounding
circumstance.
Poorly defined project requirements (e.g., basis of design documents) may spawn
greater levels of cost and schedule growth than well defined project requirements. This is
because poorly defined projects are susceptible to design changes necessary to align the
construction scope of work with the owner’s project requirements. Late change directives
often require an increase in contract time and price. This variable was not controlled for in
this study.
It is thought that both BIM and IPD require project participants to learn new
techniques and behaviors. After several experiences with the technology, participants gain
expertise and therefore may be able to influence the outcome of projects to a greater extent
than during their first exposure to the technology and strategy. What’s more, project teams
are generally assembled for a single project, disbanded at its completion, with the
participants reassigned to new upcoming projects. The study is not longitudinal; it examines
individual project performance measures, not participant experience with the technology.
Therefore, the varying degrees of technological expertise possessed by the project
participants managing the sampled BIM and IPD projects (i.e., maturation) may threaten the
internal validity.
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BIM use during design and construction activities is not strictly binary; there can be
varying degrees of BIM use. For example, BIM technology can be employed by a
construction manager for the above ceiling mechanical and electrical coordination, but not
for the estimating, material fabrication, or 4D scheduling. Likewise, an architect may choose
to prepare floor plans, building sections, and material schedules using BIM technology, but
not the mechanical and electrical design documents. Lastly, some project teams are more
proficient with the technology than others, leading to varying degrees of efficacy. However,
for the purposes of this study, any use of BIM technology, in either the design or construction
processes, was cause for labeling a project as having employed the technology (i.e., BIM in
design, BIM in construction, or BIM).
Assumptions. It is assumed that any cost, schedule, and quality outcomes reported
are not the result of major program or scope revisions, that is, the addition of floors, or other
significant elements to a project. Rather, it is assumed that the performance outcomes
associated with the projects surveyed are the result of typical design- and construction-related
challenges (e.g., minor scope development, plan coordination, and field conditions), enabling
the relative isolation and capture of any BIM- and IPD-related relationships with the
outcomes.
Timetable. The study was completed in twenty-three months. Refer to Figure 17.
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Figure 17. Dissertation schedule.
Demonstration of Technology
A demonstration of technology was conducted in order to make clear, by visual realworld example, the reasons why BIM and IPD use may lead to different cost, schedule, and
quality outcomes. The exercise consists of evaluating and commenting on various attributes
of excerpted 2D design drawings and the associated three-dimensional BIM in construction
model. The excerpted images were retrieved from the archival files of the participating
construction contractor. Additionally, the subject project was one of the 93 projects included
in the overall study. Screen-shots and other explanatory graphics are employed in this
demonstration to highlight the pertinent elements of the technology and their potential
relationship to associated outcomes. This demonstration brings the study full-circle from
theory to problem, questions, hypotheses, analyses, all towards explanation and ultimate
recommendations. Refer to Chapter 5 for the demonstration.
Conclusion
This chapter outlines the research plan that was undertaken towards resolution of the
identified research problem. The purpose of the study is to better understand the relationships
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between the project performance measures with the implementation of BIM and IPD, and to
determine whether projects utilizing BIM and IPD experienced significantly different levels
of key project performance measures than traditional projects, which did not utilize the
technology and strategy. Drawing from the structuration theoretical framework, a conceptual
(operational) framework was presented that specifically details the variables and their
relationships to the design and construction process. Seven null hypotheses were drawn from
the research questions, and a corresponding data collection/analysis regime was outlined.
Applicable limitations, delimitations, assumptions, and timetable were discussed. The next
chapter details the results of the data collection and analysis phase, and provides discussion
of the key findings.
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Chapter 4: Analysis and Discussion of Results
Introduction
This chapter presents the results of the data collection and analysis. First, the data set
is characterized and basic demographic information is summarized. Next, a battery of
descriptive and normality statistics is calculated for the dependent variables, including mean,
median, standard deviation, goodness of fit, skewness, and kurtosis. Third, inferential
statistics are used to conduct the hypothesis testing detailed in Chapter 3. Last, a healthcare
subset analysis is performed. The results are reported along with summary of the key
findings.
The conceptual framework presented in Chapter 3 posited that the use of BIM and
IPD might be crucial strategic changes that have the potential to alter participant behavior
and produce significant project performance outcomes. The conceptual framework features
cost growth, schedule growth, RFI per gross area, and punchlist per gross area as outputs
(i.e., dependent variables) of the design and construction process. The objective of this
descriptive-cum-quantitative study is to better understand the relationships between the
project performance measures and the implementation of BIM and IPD.
Characterization of the Data
Data on 87 completed construction projects were gathered from the archival files of
the participating construction contractor. Moreover, 25 employees of the contractor were
queried for required information not present in the files. Data collection commenced in May
2014 and was concluded in July 2014. The primary data were supplemented by six case
studies published by the AIA (2010). The data represent a wide variety of project types,
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settings, delivery methods, and geographic regions. Refer to Tables 2 and 3 in concert with
Figures 18 through 21 for further demographic information regarding the data set.
Table 2
Data Counts and Associated Sources
Data Group
1

Source and Type of Data
Published reports and case studies;
secondary data
Archival project data; primary data

Project Count (sources)
6 (1)

Characteristic

Count

Geography

12

Project Types

9

Delivery Methods

5

Cost Range

-

Comments
11 U.S. States and 1 Can. Province
represented; 5 geographic regions
Office/com., K-12, Higher-Ed,
Data Center, Healthcare, industrial,
mixed-use, public/gov’t.
CM Cost +, CM GMP, IPD, D-BB, D-B
$0.7 mil-$276mil

Gross Area Range

-

5,500 to 1,300,000 sq. ft.

2

87 (1 firm; 25 staff members)

Table 3
Characteristics of the Data

Figure 18. Bar chart for project type.
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Figure 19. Bar chart for project setting.

Figure 20. Bar chart for delivery method.

Figure 21. Bar chart for geographic region.
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Descriptive Statistics and Normality
The response data were analyzed using basic descriptive statistics, including mean,
median, standard deviation, and range. Normality tests performed on the response variables
indicate that the data do not generally follow a normal distribution. Refer to Table 4 for a
summary of these statistics.
Table 4
Dependent Variable Descriptive and Normality Statistics
Statistic
Cost Growth
Sch. Growth
RFI Ratio
Punchlist Ratio
Mean
10.72
13.90
2.62
8.99
Median
5.88
3.85
1.82
4.85
Standard deviation
10.71
29.31
3.10
11.63
Range
-13.33 to 175.0
-18.18 to 209.09
0.23 to 21.21
0.2 to 71.93
Range ratio
13.1:1
11.5:1
94.2:1
353.7:1
Chi Sq. GOFa
119(p=0.000)
279(p=0.000)
101(p=0.000)
115(p=0.000)
Shapiro Wilks Wa
0.61 (p=0.000)
0.67 (p=0.000)
0.59 (p=0.00)
0.66 (p=0.00)
Z Score skewnessa
6.40 (p=0.000)
5.79 (p=0.000)
5.91 (p=0.00)
5.06 (p=0.00)
Z Score kurtosisa
7.06 (p=0.000)
6.51 (p=0.000)
6.40 (p=0.00)
5.54 (p=0.00)
Count
93
93
91
84
Note. The range of the data exceeds the 5:1 rule of thumb (Chapman, 2011) suggesting a data transformation
may be required prior to further analysis.
a
p values less than 0.05 allow for rejection of the assumption that the data come from a normal distribution with
95% confidence.

A preliminary inferential analysis using multivariate ANOVA indicated unusual
residuals associated with the following data points: (1) cost growth data points 4, 37, 48, 59;
(2) schedule growth data points 47, 59, 72, 75; and (3) RFI ratio data point 59. These points
were further investigated and subsequently removed from their respective data sets.
Data transformation. Various data transformations were attempted to correct for the
non-normal distribution and the unacceptable wide range of the response variables. The
natural log, base 10 log, square root, reciprocal, power (exponent), and Box-Cox transform
were completed for each of the four response variables. The best transform, as judged by the
normality statistics referenced above, was selected for further use in the analysis.
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The data for schedule growth presented a challenge. The natural log, base 10 log,
square root, reciprocal, and Box-Cox transform all failed to adequately correct the response
data to a normal or near-normal distribution. Trial runs of various power transformations
were then attempted, with the exponent varying from -1.0 to 1.0 in 0.1 increments. An
exponent value of 0.4 with an addend of 20 was found to produce the best results. While not
considered normal according to the Chi-Square and Shapiro-Wilks W test statistics, the 0.4
power transform for schedule growth returned normal skewness and kurtosis statistics.
What’s more, the frequency histogram for the transformed schedule growth data has a normal
appearance. Refer to Figure 22 for the histograms associated with schedule growth using the
0.4 power transform with an addend of 20.

Before

After

Figure 22. Frequency histograms for schedule growth before and after data transformation.
The Box-Cox transform was successful in correcting the cost growth and RFI ratio
data. Following the iterative process outlined in Chapman (2011), trial values for Box-Cox λ1
values were plotted against corresponding values of the residual sum of squares for each
dependent variable. What’s more, a λ2 value of 20 was used to shift the data to non-negative
values for cost growth. Meanwhile, a λ2 value of 5 was used shift the data away from 0.0 for
RFI ratio. The minimum value of the sum of squares for cost growth occurs at λ1 = -0.37,
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while the minimum value for RFI ratio occurs at λ1 = -2.25. Refer to Figure 23 below for
plots of the fitted models and Figures 24 and 25 for the associated frequency histograms.

Figure 23. Plot of trial λ1 values against the residual sum of squares.

Before

After

Figure 24. Frequency histograms for cost growth before and after data transformation.

Before

Figure 25. Frequency histograms for RFI before and after data transformation.

After

96
The data for punchlist ratio were normalized using a natural log transform. Refer to
Figure 26 for the before and after frequency histograms for punchlist ratio.

Before

After

Figure 26. Frequency histograms for punchlist before and after data transformation.
The quantitative continuous covariates (i.e., number of floors and gross area) for each
of the four dependent variables were also transformed. Two missing data points for RFI ratio
(i.e., points 18 and 60) and seven missing data points for punchlist ratio (i.e., points 10, 12,
18, 25, 59, 60, and 83) were replaced with automated estimates. Table 5 below summarizes
the statistics for the adjusted dependent variables after data transformation.
Table 5
Dependent Variable Descriptive and Normality Statistics after Data Transformation
Statistic
Mean
Median
Standard deviation
Range
Range ratio
Chi Sq. goodness fita
Shapiro Wilks Wa
Z Score skewnessa
Z Score kurtosisa
Revised Count
Transformation type
Transformation notes

Adj. Cost Growth
173.30
172.97
10.37
139.07 to 196.61
1.4:1
31.17 (p=0.053)
0.97 (p=0.086)
0.46 (p=0.644)
1.46 (p=0.145)
89
Box-Cox
λ1=-0.375; λ2=20

Adj. Sch. Growth
3.76
3.31
0.87
1.27 to 6.08
4.8:1
284.43 (p=0.000)b
0.94 (p=0.0005)b
0.49 (p=0.622)
1.33 (p=0.183)
89
Power
Pwr=0.4; add.=20

Adj. RFI Ratio
276.87
276.84
1.54
273.78 to 280.38
1.0:1
10.00 (p=0.97)
0.97 (p=0.272)
0.26 (p=0.797)
-1.05 (p=0.29)
92
Box-Cox
λ1=-2.25; λ2=5

Adj. Punchlist Ratio
1.61
1.56
1.13
-1.61 to 4.28
2.6:1
14.90 (p=0.782)
0.986 (p=0.835)
0.505 (p=0.613)
0.713 (p=0.476)
91
Natural log
n/a

Note. The range of the data complies with the 5:1 rule of thumb (Chapman, 2011).
a
p values greater than 0.05 allow for non-rejection of the assumption that the data come from a normal distribution with
95% confidence.
b
The transformed data for schedule growth continued to exhibit low p values. However, the range, skewness, kurtosis, along
with the visual characteristics (see Figure 22) of the frequency histogram was sufficient to consider the data near-normal and
appropriate for further analysis.
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Inferential Statistics
The results for each of the four inferential analyses completed on the response
variables are included in this section. Four univariate and four multivariate models were
developed for each dependent variable. Backward stepwise regression was not used because
the models were developed primarily for the evaluation of p values—not for predictive
purposes. In some instances a combined categorical variable—technology integration—was
used in lieu of variables for delivery method, BIM in design, and BIM in construction.
Technology integration has four levels corresponding to the four different project groups
shown in Figure 6: BIM and IPD, BIM without IPD, IPD without BIM, and no BIM or IPD
(control). Models including this variable were used to scrutinize the four-group factorial
design featured in Figure 6.
Weighted least squares regression (WLSR) with a weighting factor of 1/residuals2
resulted in unacceptably high (i.e., over 10) variance inflation factors (VIF), indicating the
possibility of serious multicollinearity. Multicollinearity negatively affects the proper
interpretation of variable significance. Meanwhile, ordinary least squares regression (OLSR)
resulted in VIF values below 10 in all instances. Additionally, using OLSR, the DurbinWatson statistic was close to 2.0 for every model, suggesting the absence of serial
correlation. As a second check for serial correlation, the residuals were plotted against row
order in an effort to detect unusual residual patterns—none were found. The acceptable
Durbin-Watson numbers, in combination with the absence of unusual residual patterns,
further supports the use of OLSR in lieu of WLSR. Hence, WLSR was not used.
Additionally, principal component analysis was not used because only two of the predictor
variables were quantitative. Many of the models show high F numbers and low p values,
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indicating the presence of a statistically significant relationship between the dependent and
independent variables. On several occasions, a handful of points show studentized residual
values greater than 2.0. While this value is higher than the normally recommended limit of
2.0 and is technically considered “unusual,” it was decided not to discard any further data
points. R-squared values range from 0% to 55% suggesting that other variables, not under
investigation in this study, are responsible for a substantial portion of the overall variability
in the responses. Future research may uncover these variables.
Type III sum of squares was used for the multivariate analyses; as such, the
significance of each factor is evaluated while removing the contribution of (i.e., controlling
for) the remaining variables. Hence, the multivariate analyses provide a more robust
evaluation of the relationships between the key variables and the resulting performance
outcomes than corresponding univariate models. This is not to say that the univariate models
are unimportant. In fact, many prior studies of construction project performance have relied
solely on univariate analysis (e.g., Cho & Ballard, 2011) for quantitative evaluation;
meanwhile, a select few have included multivariate methods (e.g., El Asmar, 2012; Konchar
& Sanvido, 1998). Refer to Tables 6 through 13 for summary statistics for each of the models
developed. The Appendix contains complete Statgraphics output reports for each of the
models developed.
Table 6
Summary of Univariate Analysis of Delivery Method
Statistic
N
F ratio
p value
R2
# of sig. diff.

Cost growth
89
2.33
0.063
10.0%
2 ea

Schedule Growth
89
2.66
0.039
11.3%
1 ea

RFI Ratio
92
0.66
0.62
3.0%
0 ea

Punchlist Ratio
91
1.22
0.31
5.3%
0 ea
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Table 7
Summary of Univariate Analysis of BIM in Design
Statistic
N
F ratio
p value
R2
# of sig. diff.

Cost growth
89
11.14
0.001
11.4%
1ea

Schedule Growth
89
0.95
0.332
1.1%
0 ea

RFI Ratio
92
0.94
0.336
1.0%
0 ea

Punchlist Ratio
91
0.03
0.856
0.0%
0 ea

Table 8
Summary of Univariate Analysis of BIM in Construction
Statistic
N
F ratio
p value
R2
# of sig. diff.

Cost growth
89
14.53
0.00
14.3
1ea

Schedule Growth
89
0.04
0.84
0.0%
0 ea

RFI Ratio
92
0.34
0.56
0.0%
0 ea

Punchlist Ratio
91
0.08
0.78
0.0%
0 ea

Table 9
Summary of Univariate Analysis of Technology Integration
Statistic
N
F ratio
p value
R2
# of sig. diff.

Cost growth
89
6.79
0.000
19.3%
2 ea

Schedule Growth
89
1.61
0.194
5.3%
0 ea

RFI Ratio
92
0.62
0.60
2.0%
0 ea

Punchlist Ratio
91
0.38
0.77
1.0%
0 ea

Table 10
Summary of Multivariate Analyses Using all Independent Variables and Covariates
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
89
3.21
0.000
54.6%
37.6%
1.6-3.8
2.09
4 ea
2.30
4 ea

Schedule Growth
89
1.72
0.044
39.3%
16.5%
1.6-4.1
1.97
6 ea
2.40
1 ea

RFI Ratio
92
2.89
0.000
49.4%
32.3%
1.6-3.7
2.18
4 ea
-3.44
5 ea

Punchlist Ratio
91
1.44
0.123
35.6%
10.8%
1.7-4.9
1.84
6 ea
-2.50
2 ea
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Table 11
Summary of Multivariate Analyses Using Technology Integration
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
89
3.77
0.000
54.1%
39.8%
1.5-7.9
1.96
6 ea
-2.52
3 ea

Schedule Growth
89
1.65
0.064
34.1%
13.4%
1.4-8.4
2.02
4 ea
-2.51
0 ea

RFI Ratio
92
3.38
0.000
48.8%
34.3%
1.5-8.4
2.05
4 ea
-2.86
4 ea

Punchlist Ratio
89
1.87
0.033
32.5%
15.1%
1.6-5.4
1.85
7 ea
-2.56
2 ea

In addition to the above noted models, two additional analyses were completed. In
one case, delivery method, BIM in design, and BIM in construction were removed from the
models and replaced with two new variables—BIM and IPD. BIM is a binary variable that
distinguishes between projects employing any form of BIM (in design, construction, or both)
and those not using the technology. Likewise, IPD is a binary variable that distinguishes
between projects using IPD and those using any of the four remaining delivery methods.
Similar to technology integration, these variables were used to analyze the four-group
factorial design featured in Figure 6. While these models are multivariate by definition, two
models were developed. The first retained the six other independent variables and covariates,
while the second model featured only two independent variables (BIM and IPD), along with
an interaction term. Similar to the rationale for examining both univariate and multivariate
analyses above, this additional step was taken to control for the relative impact of the
covariates. To test for the presence of an interaction effect resulting from simultaneous use of
the technology and strategy, an interaction term, BIM*IPD, was also used in both of these
models. Refer to Tables 12 and 13 for the summaries of these models.

101
Table 12
Summary of Multivariate Analyses Using BIM and IPD, Including All Covariates
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
89
3.79
0.000
54.3%
40.0%
1.5-2.8
1.98
6 ea
-2.53
4 ea

Schedule Growth
89
1.62
0.071
33.6%
12.8%
1.4-4.0
2.02
4 ea
-2.53
0 ea

RFI Ratio
92
3.38
0.000
48.8%
34.4%
1.6-3.6
2.05
4 ea
-2.86
4 ea

Punchlist Ratio
89
1.87
0.033
32.5%
15.1%
1.5-4.3
1.85
7 ea
-2.56
2 ea

Table 13
Summary of Multivariate Analyses Using BIM and IPD Less All Covariates
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
89
6.75
0.000
19.2%
16.4%
1.2-1.9
1.88
4 ea
-4.51
1 ea

Schedule Growth
89
1.44
0.236
4.9%
1.5%
1.2-1.9
2.03
5 ea
-3.13
1 ea

RFI Ratio
92
0.64
0.589
2.2%
0.0%
1.2-1.9
2.01
4 ea
2.75
0 ea

Punchlist Ratio
89
0.20
0.896
0.7%
0.0%
1.3-2.1
1.88
5 ea
-2.95
0 ea

The 32 models summarized above are explored below in further detail with an eye
towards discerning significant differences in project performance measures associated with
various levels of the independent variables.
Cost Growth Analysis
Analysis of the cost growth results follows, including examination of Hypotheses #1,
#3, #6 (partial), and #7 (partial). The results of univariate and multivariate ANOVA are
reported, along with multiple range comparison tests for the variables under investigation.
Likewise, residual plots, means plots, and interaction plots are presented, with a discussion of
the findings.
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Univariate results. The four univariate models featuring cost growth as the
dependent variable are further investigated below. The corresponding independent variables
were delivery method, BIM in design, BIM in construction, and technology integration. The
univariate analyses do not control for the contribution of the other independent variables and
covariates identified in Table 1; as such, the univariate results may indicate significant
differences that are not present in corresponding multivariate analyses.
Delivery method. The univariate model for cost growth versus delivery method was
significant at the 90% CL (p = 0.063; see Table 6). IPD projects experienced the lowest
average amount of cost growth followed by D-B, CM GMP, CM Cost +, and D-B-B. Refer
to Table 14 for the multiple range test results for delivery method.
Table 14
Multiple Range Comparisons for Cost Growth Using Delivery Method
Variable/Level
Count
LS Mean
IPD
17
167.87
D-B
13
173.30
CM GMP
34
173.55
CM Cost+
18
175.09
D-B-B
7
180.68
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X*
XX
XX
X*
X*

A significant difference in cost growth is present between IPD projects and projects
completed using the CM Cost+ and D-B-B delivery methods. Meanwhile, IPD projects
experienced 3.1% less adjusted cost growth than D-B and CM GMP projects; however, this
difference is not significant at the 95% CL. Of note: At the 90% CL, IPD projects
experienced significant less cost growth than all the other delivery methods with the
exception of D-B. Refer to Appendix U for the multiple range results for cost growth versus
delivery method at the 90% CL. The means plot is featured in Figure 27. Figure 28 features
the residuals plot versus row order for this model.
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Figure 27. Means plot for cost growth versus delivery method.

Figure 28. Univariate residuals plot for cost growth using delivery method.
BIM in design. The univariate model for cost growth versus BIM in design was
significant at the 95% CL (p = 0.001; see Table 7). On average, projects using BIM in design
experienced 4.5% less adjusted cost growth than projects that did not use BIM in design.
This difference is significant at the 95% CL. Refer to Table 15 for the multiple range test
results for BIM in design. Figure 29 features the means plot of cost growth versus BIM in
design; additionally, Figure 30 features the residuals plot versus row order for this model.
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Table 15
Multiple Range Comparisons for Cost Growth Using BIM in Design
Variable/Level
Count
LS Mean
Y
24
167.58
N
65
175.41
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X*
X*

Figure 29. Means plot for cost growth versus BIM in design.

Figure 30. Univariate residuals plot for cost growth using BIM in design.
BIM in construction. The univariate model for cost growth versus BIM in
construction was significant at the 95% CL (p = 0.000; see Table 8). On average, projects
using BIM in construction experienced 4.6% less adjusted cost growth than projects that did
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not use BIM in construction. This difference is significant at the 95% CL. Refer to Table 16
for the multiple range test results for BIM in construction. Figure 31 features the means plot
of cost growth versus BIM in construction; additionally, Figure 32 features the residuals plot
versus row order for this model.
Table 16
Multiple Range Comparisons for Cost Growth Using BIM in Construction
Variable/Level
Count
LS Mean
Y
32
168.10
N
57
176.22
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X*
X*

Figure 31. Means plot for cost growth versus BIM in construction.

Figure 32. Univariate residuals plot for cost growth using BIM in construction.
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Technology integration. The univariate model for cost growth versus technology
integration was significant at the 95% CL (p = 0.000; see Table 9). Projects using BIM and
IPD experienced the lowest average amount of cost growth followed by projects using BIM
without IPD, projects using IPD without BIM, and, lastly, projects using neither BIM nor
IPD. The 34 projects that used any form of BIM (in design or construction), with or without
IPD, experienced 5.2% less adjusted cost growth than projects that did not use either the
technology or the strategy. This difference is significant at the 95% CL. Refer to Table 17 for
the multiple range test results for technology integration. Figure 31 features the means plot
for cost growth; additionally, Figure 32 features the residuals plot for this model.
Table 17
Multiple Range Comparison for Cost Growth Using Technology Integration
Variable/Level
Count
LS Mean
BIM and IPD
12
167.08
BIM without IPD
22
168.47
No BIM with IPD
5
169.75
Neither BIM nor IPD
50
177.27
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X*
X*
XX
X*

Figure 33. Means plot for cost growth versus technology integration.
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Figure 34. Univariate residuals plot for cost growth using technology integration.
Univariate summary. Hypothesis #1 stated that projects utilizing BIM in design will
not experience significant levels of cost growth when compared to projects that did not use
the technology. Figure 29 and Table 15 provide evidence to the contrary, suggesting that
rejection of this hypothesis should be considered. Similarly, Hypothesis #3 stated that
projects utilizing BIM in construction will not experience significant levels of cost growth
when compared to projects that did not use the technology. Figure 31 and Table 16 provide
evidence to the contrary as well, suggesting that rejection of this hypothesis should also be
considered.
Hypothesis #7 stated that projects utilizing both BIM (in either design, construction,
or both) and IPD will not experience significant levels of cost growth, schedule growth, RFI
ratio, and punchlist ratio when compared to the other possible combinations of the
technology and strategy (see Figure 6, four-group design). Table 17 and Figure 33 provide
evidence suggesting that rejection of this hypothesis should be considered with respect to
cost growth, as a significant difference was found between projects that did not use either the
technology or the strategy and those that utilized BIM and IPD. Of note, projects utilizing
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BIM and IPD experienced similar levels of cost growth as projects using IPD without BIM
and those using BIM without IPD. These findings are revisited later in light of the
multivariate results.
Multivariate results. The four multivariate models featuring cost growth as the
dependent variable are further investigated below. The multivariate analyses control for the
contribution of the other independent variables and covariates identified in Table 1; as such,
the multivariate results may not indicate significant differences that are present in the
univariate analyses presented above.
Analysis with all independent variables and covariates. The multivariate model for
cost growth was significant at the 95% CL (p = 0.000; see Table 10). Of the nine independent
variables considered in this multivariate model, four have p values less than 0.05, indicating
the presence of a statistically significant relationship between the variable and cost growth at
the 95% CL. Project type, project setting, site civil scope, and number of floors were
significant. The p values for the five remaining independent variables and covariates under
consideration were greater than 0.05. Refer to Table 18 for a summary of the F and p values
for the explanatory variables and covariates. The Statgraphics output for this model is
provided in Appendix C.
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Table 18
Multivariate ANOVA Table for Cost Growth Using All Independent Variables and
Covariates
Independent Variable
Sum of Squares Df
Project type
1454.29
8
Project setting
591.86
2
Delivery method
383.50
4
Site civil scope
657.22
3
Geographic region
301.54
3
BIM in design
39.31
1
BIM in construction
14.53
1
Gross area
70.43
1
Number of floors
309.30
1
Residual
4291.65
64
Note: * indicates statistical significance at the 95% CL.

Mean Square
181.79
295.93
95.88
219.07
100.51
39.31
14.53
70.43
309.30
67.06

F ratio
2.71
4.41
1.43
3.27
1.50
0.59
0.22
1.05
4.61

p value
0.012*
0.016*
0.234
0.027*
0.223
0.447
0.643
0.309
0.036*

A plot of the studentized residuals for cost growth versus row order is featured in Figure 35.

Figure 35. Multivariate residuals plot for cost growth using all variables.
A multiple comparison test utilizing Fisher’s LSD procedure was performed for
delivery method, BIM in design, and BIM in construction. This method detects significant
differences among groups of means within each variable. Refer to Table 19 for a summary of
these results.
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Table 19
Multiple Range Comparisons for Cost Growth Using All Variables
Variable/Level
Delivery method
IPD
D-B
CM Cost+
CM GMP
D-B-B
BIM in Design
Yes
No
BIM in Construction
Yes
No

Count

LS Mean

LS Sigma

Homogeneous Groups

17
13
18
34
7

169.17
172.64
175.80
176.05
179.22

3.37
4.60
4.55
4.07
5.02

X
X
X
X
X

24
65

173.26
175.91

3.56
4.23

X
X

32
57

173.74
175.40

4.14
3.71

X
X

Note: * indicates statistical significance at the 95% CL.

Means plots of the BIM- and IPD-related variables versus cost growth illustrate the
information contained within Table 19. Figures 36 through 38 are means plots of cost growth
versus delivery method, BIM in design, and BIM in construction.

Figure 36. Means plot for cost growth versus delivery method.
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Figure 37. Means plot for cost growth versus BIM in design.

Figure 38. Means plot for cost growth versus BIM in construction.
Similar to the univariate results, IPD projects were found to experience lower levels
of growth than the other delivery methods. Likewise, projects using BIM in design as well as
those using BIM in construction experienced lower levels of cost growth than projects that
did not use the technology and strategy (see Table 19). However, these differences are not
significant at the 95% CL. Nonetheless, at the 90% CL, the difference in cost growth
between IPD projects and those projects using the CM GMP or the D-B-B delivery method is
significant. Refer to Appendix G for the Statgraphics output for the model at 90% CL.
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Analysis with technology integration and all covariates. The multivariate model for
cost growth was significant at the 95% CL (p = 0.000; see Table 11). Of the seven
independent variables considered in this multivariate model, four have p values less than
0.05, indicating the presence of a statistically significant relationship between the variable
and cost growth at the 95% CL. Project type, project setting, site civil scope, and number of
floors were significant. The p values for the three remaining independent variables and
covariates under consideration—geographic region, technology integration, and gross area—
were greater than 0.05, indicating the absence of a statistically significant relationship to cost
growth at the 95% CL. Of note: The p value for technology integration is 0.059, indicating
significance at the 90% CL. The Statgraphics output for this model at the 95% CL is
provided in Appendix I. Refer to Appendix V for the Statgraphics output for the model at the
90% CL. Refer to Table 20 for a summary of the F and p values for the explanatory variables
and covariates.
Table 20
Multivariate ANOVA Table for Cost Growth Using Technology Integration and All
Covariates
Independent Variable
Sum of Squares Df
Project type
1591.54
8
Project setting
707.40
2
Site civil scope
570.36
3
Geographic region
248.07
3
Technology integration 506.84
3
Gross area
86.82
1
Number of floors
288.55
1
Residual
4337.60
67
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
198.94
353.70
190.12
82.69
168.95
86.82
288.55
64.74

F ratio
3.07
5.46
2.94
1.28
2.61
1.34
4.46

p value
0.005*
0.006*
0.040*
0.290
0.059**
0.251
0.039*

A multiple comparison test utilizing Fisher’s least significant difference (LSD)
procedure was performed for technology integration. This method detects significant
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differences among groups of means within each variable. Refer to Table 21 for a summary of
these results.
Table 21
Multiple Range Comparisons for Cost Growth Using Technology Integration
Variable/Level
Count
LS Mean
12
168.03
BIM and IPD
22
171.92
BIM without IPD
5
169.12
No BIM with IPD
50
177.14
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
3.39
4.51
5.39
4.34

Homogeneous Groups
XX
X*
XX
X*

A plot of the studentized residuals for cost growth versus row order is featured in Figure 39.

Figure 39. Multivariate residuals plot for cost growth using technology integration.
Means plots of the cost growth versus technology integration illustrate the
information contained within Table 21. Refer to Figure 40 for a graph of the means and 95%
confidence intervals for cost growth versus technology integration.
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Figure 40. Means plot for cost growth versus technology integration.
Projects using BIM without IPD experienced significantly lower levels of cost growth
than projects that did not use either the technology or the strategy, at the 95% CL. What’s
more, projects using either the technology or the strategy experienced 3.0% less adjusted cost
growth than other combinations of the technology and strategy (see Table 21); however, this
difference is not significant at the 95% CL. Nonetheless, at the 90% CL, a significant
difference is present between projects that used either BIM, IPD, or both the technology and
the strategy and those projects that did not use either.
Analysis with BIM and IPD including all covariates. The multivariate model for
cost growth was significant at the 95% CL (p = 0.000; see Table 12). Of the nine independent
variables considered in this multivariate model, four have p values less than 0.05, indicating
the presence of a statistically significant relationship between the variable and cost growth at
the 95% CL. Project type, project setting, site civil scope, and number of floors were
significant. The p values for the five remaining independent variables and covariates under
consideration—geographic region, BIM, IPD, gross area, and BIM*IPD—were greater than
0.05, indicating the absence of a statistically significant relationship to cost growth at the
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95% CL. Of note: The p value for IPD is 0.074, indicating significance at the 90% CL. The
Statgraphics output for this model at the 95% CL is provided in Appendix J. Refer to
Appendix W for the Statgraphics output for the model at the 90% CL. Refer to Table 22 for a
summary of the F and p values for the explanatory variables and covariates.
Table 22
Multivariate ANOVA Table for Cost Growth Using BIM and IPD Including All Covariates
Independent Variable
Sum of Squares Df
Project type
1598.18
8
Project setting
726.13
2
Site civil scope
586.02
3
Geographic region
263.18
3
IPD
211.87
1
BIM
74.35
1
Gross area
70.90
1
Number of floors
281.92
1
BIM*IPD
33.23
1
Residual
4320.78
67
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
199.77
363.08
195.34
87.73
211.87
74.35
70.89
281.92
33.23
64.49

F ratio
3.10
5.63
3.03
1.36
3.29
1.15
1.10
4.37
0.52

p value
0.005*
0.006*
0.035*
0.263
0.074**
0.287
0.298
0.040*
0.475

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 23 for a summary of these results.
Table 23
Multiple Range Comparisons for Cost Growth Using BIM and IPD Including All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

34
55

169.46
172.68

3.05
4.07

X
X

Yes
No

16
73

167.95
174.19

3.68
3.71

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

A plot of the studentized residuals for cost growth versus row order is featured in Figure 41.
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Figure 41. Multivariate residuals plot for cost growth using BIM and IPD including all
covariates.
Means plots of cost growth versus BIM and IPD illustrate the information contained
within Table 23. Refer to Figures 42 and 43 for graphs of the means and 95% confidence
intervals for cost growth versus BIM and IPD.

Figure 42. Means plot for cost growth versus BIM including all covariates.
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Figure 43. Means plot for cost growth versus IPD including all covariates.
Projects using BIM experienced 1.8% less adjusted cost growth than projects that did
not use BIM; however, this difference is not significant at the 95% CL. What’s more, IPD
projects experienced 3.6% less adjusted cost growth than projects completed using any of the
remaining delivery methods; again, the difference is not significant at the 95% CL.
Nonetheless, at the 90% CL, the difference in cost growth between IPD and non-IPD projects
is significant.
This model also included an interaction term, BIM*IPD. The interaction plot for BIM
and IPD illustrates that IPD projects experienced lower levels cost growth both in the
presence and absence of BIM. The severe slope of the non-BIM project line suggests that
presence of IPD may have a greater impact on non-BIM projects. As noted above, the
interaction term is not significant at the 95% CL. Refer to Figure 44 for the interaction plot
for cost growth versus BIM and IPD.
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Figure 44. Interaction plot for cost growth versus BIM and IPD including all covariates.
Analysis with BIM and IPD less all covariates. The multivariate model for cost
growth was significant at the 95% CL (p = 0.000; see Table 13). Of the three independent
variables considered in this multivariate model, only BIM has a p value less than 0.05,
indicating the presence of a statistically significant relationship between the variable and cost
growth at the 95% CL. The p values for the two remaining independent variables and
covariates under consideration—IPD and BIM*IPD—were greater than 0.05, indicating the
absence of a statistically significant relationship to cost growth at the 95% CL. The
Statgraphics output for this model at the 95% CL is provided in Appendix K. Refer to Table
24 for a summary of the F and p values for the explanatory variables and covariates.
Table 24
Multivariate ANOVA Table for Cost Growth Using BIM and IPD Less All Covariates
Independent Variable
Sum of Squares Df
IPD
202.93
1
BIM
366.26
1
BIM*IPD
121.93
1
Residual
7638.51
85
Note: * indicates statistical significance at the 95% CL.

Mean Square
202.93
366.26
121.93
89.86

F ratio
2.26
4.08
1.36

p value
0.137
0.047*
0.247
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A multiple comparison

test utilizing Fisher’s LSD procedure was performed for BIM

and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 25 for a summary of these results.
Table 25
Multiple Range Comparisons for Cost Growth Using BIM and IPD Less All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

34
55

167.81
173.51

1.74
2.22

X*
X*

Yes
No

16
73

168.54
172.78

2.56
1.19

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

A plot of the studentized residuals for cost growth versus row order is featured in Figure 45.

Figure 45. Multivariate residuals plot for cost growth using BIM and IPD less all covariates.
Means plots of cost growth versus BIM and IPD illustrate the information contained
within Table 25. Refer to Figures 46 and 47 for graphs of the means and 95% confidence
intervals for cost growth versus BIM and IPD.
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Figure 46. Means plot for cost growth versus BIM less all covariates.

Figure 47. Means plot for cost growth versus IPD less all covariates.
Projects using BIM experienced 3.3% less adjusted cost growth than projects that did
not use BIM; this difference is significant at the 95% CL. What’s more, IPD projects
experienced 2.5% less adjusted cost growth than projects using any of the remaining delivery
methods; however, this difference is not significant at the 95% CL. As noted above, the
covariates were not included in this analysis; as such, this model does not control for their
contribution towards cost growth.
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This model also included an interaction term, BIM*IPD. Similar to the interaction
plot for the previous model, this plot illustrates that BIM projects experienced lower levels of
cost growth both in the presence and absence of IPD. The severe slope of the non-BIM
project line suggests that presence of IPD may have a greater impact on non-BIM projects.
As noted above, this interaction is not significant at the 95% CL. Refer to Figure 48 for the
interaction plot for cost growth versus BIM and IPD.

Figure 48. Interaction plot for cost growth versus BIM and IPD less all covariates.
Multivariate summary. Hypothesis #1 stated that projects utilizing BIM in design
will not experience significant levels of cost growth when compared to projects that did not
use the technology. Figure 37 and Table 19 provide evidence suggesting that this hypothesis
should not be rejected. Similarly, Hypothesis #3 stated that projects utilizing BIM in
construction will not experience significant levels of cost growth when compared to projects
that did not use the technology. Likewise, Figure 38 and Table 19 provide evidence
suggesting that this hypothesis should also not be rejected.
Hypothesis #6 stated that the identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e., cost growth, schedule growth,
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RFI ratio, and punchlist ratio). Four of the nine explanatory variables (i.e., project type,
project setting, site civil scope, and number of floors) were found to have a significant
relationship to cost growth as shown in Tables 18, 20, and 22; therefore, there is evidence to
suggest that Hypothesis #6 should be rejected with respect to cost growth.
Hypothesis #7 stated that projects utilizing both BIM (in either design, construction,
or both) and IPD will not experience significant levels of cost growth, schedule growth, RFI
ratio, and punchlist ratio when compared to the other possible combinations of the
technology and strategy (see Figure 6, four-group design). Table 21 and Figure 40 provide
evidence suggesting that this hypothesis should not be rejected with respect to cost growth.
Significant differences were not found between projects that used both BIM and IPD and
those that used other possible combinations of the technology and strategy. Moreover, the
interaction term, BIM*IPD, was not found to be significant in either of the two multivariate
analyses. Of note, projects that used BIM without IPD were found to experience significantly
less cost growth than projects that did not use either the technology or the strategy (i.e., no
BIM and no IPD). Lastly, as shown in Table 25 and Figure 46, projects using any form of
BIM experienced significantly less cost growth than projects not using BIM.
Discussion. With respect to Hypotheses #1 and #3, the univariate and multivariate
findings do not agree. The univariate analysis found a significant difference in cost growth
between projects that used BIM in design and those that did not. Likewise, regarding
Hypothesis #3, the univariate analysis indicated a significant difference in cost growth
between projects that used BIM in construction and those that did not. However, the
multivariate analyses did not confirm these findings. When the contribution of the other
independent variables and covariates is controlled for, the use of either BIM in design or
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BIM in construction is insignificant. As noted, several of other factors under investigation
(i.e., project type, project setting, site civil scope, and number of floors) accounted for a
majority of the variability in cost growth. Therefore, from a univariate perspective, a
significant difference in cost growth does exist between projects that used BIM (in either
design or construction) and those that did not. However, as revealed by the multivariate
analysis, this difference in outcomes is not attributable to the presence or absence of BIM,
but rather to the contribution of other variables. Moreover, the R-squared values of the
multivariate models are much higher than the univariate models, indicating that the
multivariate models explain a greater percentage of the overall variability in cost growth.
Hence, Hypotheses #1 and #3 are not rejected with respect to cost growth.
As four of the covariates were found to have significant relationships to cost growth,
Hypothesis #6 is rejected with respect to cost growth. The key independent variables—BIM
in design, BIM in construction, delivery method, BIM, IPD, and technology integration—
were all found to be insignificant with respect to cost growth, when the contribution of the
covariates is considered. Project type, project setting, site civil scope, and the number of
floors were all found to have a much greater impact on cost growth than the use of either or
both the technology and strategy.
Regarding Hypothesis #7, the univariate and multivariate analyses do not agree. The
univariate analysis supported rejecting Hypothesis #7, while the multivariate analysis is
contrary. From a univariate perspective, projects using both BIM and IPD experienced less
cost growth than other combinations of the technology and strategy. However, as revealed by
the multivariate analysis, this difference in outcomes is not attributable to the presence or
absence of BIM and IPD, but rather is due to the contribution of other variables. When the
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contribution of the other independent variables and covariates is controlled for, technology
integration and BIM*IPD were both found to be insignificant. Moreover, the R-squared
values of the multivariate models are much higher than the univariate models, indicating that
the multivariate models explain a greater percentage of the overall variability in cost growth.
Therefore, Hypothesis #7 is not rejected with respect to cost growth, as projects that used
BIM and IPD were not found to experience significant levels of cost growth when compared
to other possible combinations of the technology and strategy. Refer to Table 26 for a
recapitulation of the hypothesis results contrasted with the pilot study results. Of note, at the
90% CL, IPD projects experienced significantly less cost growth than non-IPD projects, that
is, projects executed using any of the other remaining delivery methods.
Table 26
Recapitulation of Cost Growth Research Hypotheses
Hypothesis #

Reject or Not Reject

#1 Projects that utilized BIM in design will not experience
significant levels of cost growth when compared to projects
that did not use the technology.

Not reject

Agree or Disagree
with Pilot Results
Agree

#3 Projects that utilized BIM in construction will not
experience significant levels of cost growth when compared
to projects that did not use the technology.

Not reject

Disagree

#6 The identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e.,
cost growth, schedule growth, RFI ratio, and punchlist ratio).

Reject with respect to
cost growth

n/a

#7 Projects that utilized both BIM (in either design,
construction, or both) and IPD will not experience
significant levels of cost growth, schedule growth, RFI ratio,
and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6,
four-group design).

Not reject with respect
to cost growth

n/a
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Schedule Growth Analysis
Analysis of the schedule growth results follows, including examination of Hypotheses
#2, #4, #5, #6 (partial), and #7 (partial). The results of univariate and multivariate ANOVA
are reported, along with multiple range comparison tests for the variables under investigation.
Likewise, residual plots, means plots, and interaction plots are presented, with discussion of
the findings.
Univariate results. The four univariate models featuring schedule growth as the
dependent variable are further investigated below. The corresponding independent variables
were delivery method, BIM in design, BIM in construction, and technology integration. The
univariate analyses do not control for the contribution of the other independent variables and
covariates identified in Table 1; as such, the univariate results may indicate significant
differences that are not present in corresponding multivariate analyses.
Delivery method. The univariate model for schedule growth versus delivery method
was significant at the 95% CL (p = 0.039; see Table 6). IPD projects experienced the lowest
average amount of schedule growth followed by D-B, CM Cost +, CM GMP, and D-B-B.
Refer to Table 27 for the multiple range test results for delivery method. The means plot is
featured in Figure 49.
Table 27
Multiple Range Comparisons for Schedule Growth Using Delivery Method
Variable/Level
Count
LS Mean
IPD
18
3.38
D-B
13
3.58
CM Cost+
18
3.73
CM GMP
33
3.89
D-B-B
7
4.51
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X*
XX
XX
XX*
X*
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Figure 49. Means plot for schedule growth versus delivery method.
A significant difference in schedule growth is present between IPD projects and
projects completed using the CM GMP and D-B-B delivery methods. Moreover, IPD projects
experienced 5.6% less adjusted schedule growth than D-B projects and 9.3% less adjusted
schedule growth than CM Cost+ projects; however, these differences are not significant at
the 95% CL. Figure 50 features the residuals versus row order for this model.

Figure 50. Univariate residuals plot for schedule growth using delivery method.
BIM in design. The univariate model for schedule growth versus BIM in design was
not significant at the 95% CL (p = 0.332; see Table 7). On average, projects using BIM in
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design experienced 5.2% less adjusted schedule growth than projects that did not use BIM in
design. This difference is not significant at the 95% CL. Refer to Table 28 for the multiple
range test results for BIM in design. Refer to Figure 51 for the means plot of schedule growth
versus BIM in design and Figure 52 for the residuals plot for this model.
Table 28
Multiple Range Comparisons for Schedule Growth Using BIM in Design
Variable/Level
Count
LS Mean
Y
25
3.61
N
64
3.82
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X

Figure 51. Means plot for schedule growth versus BIM in design.

128

Figure 52. Univariate residuals plot for schedule growth using BIM in design.
BIM in construction. The univariate model for schedule growth versus BIM in
construction was not significant at the 95% CL (p = 0.84; see Table 8). On average, projects
using BIM in construction experienced 1.0% less adjusted schedule growth than projects that
did not use BIM in construction. This difference is not significant at the 95% CL. Refer to
Table 29 for the multiple range test results for BIM in construction. Figure 53 features the
means plot of schedule growth versus BIM in construction; additionally, Figure 54 features
the residuals plot versus row order for this model.
Table 29
Multiple Range Comparisons for Schedule Growth Using BIM in Construction
Variable/Level
Count
LS Mean
Y
34
3.74
N
55
3.77
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
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Figure 53. Means plot for schedule growth versus BIM in construction.

Figure 54. Univariate residuals plot for schedule growth using BIM in construction.
Technology integration. The univariate model for schedule growth versus technology
integration was not significant at the 95% CL (p = 0.194; see Table 9). Projects using IPD
without BIM experienced the lowest average amount of schedule growth, followed by
projects using BIM and IPD, projects using neither BIM nor IPD, and, lastly, project using
BIM without IPD. The 18 projects that used IPD, with or without BIM, experienced 10.8%
less adjusted schedule growth than projects that did not use IPD. However, this difference is
not significant at the 95% CL. Refer to Table 30 for the multiple range test results for
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technology integration. Figure 55 features the means plot for schedule growth; additionally,
Figure 56 features the residuals plot for this model.
Table 30
Multiple Range Comparisons for Schedule Growth Using Technology Integration
Variable/Level
Count
LS Mean
BIM and IPD
13
3.45
BIM without IPD
23
3.93
No BIM with IPD
5
3.22
Neither BIM nor IPD
48
3.82
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
X
X

Figure 55. Means plot for schedule growth versus technology integration.

Figure 56. Univariate residuals plot for schedule growth using technology integration.
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Univariate summary. Hypothesis #2 stated that projects utilizing BIM in design will
not experience significant levels of schedule growth when compared to projects that did not
use the technology. Figure 51 and Table 28 provide evidence suggesting that this hypothesis
should not be rejected. Similarly, Hypothesis #4 stated that projects utilizing BIM in
construction will not experience significant levels of schedule growth when compared to
projects that did not use the technology. Figure 53 and Table 29 provide evidence suggesting
that this hypothesis should not be rejected. Hypothesis #5 stated that projects utilizing IPD
will not experience significant levels of schedule growth when compared to projects that did
not use the technology. Table 27 and Figure 49 provide evidence to the contrary, suggesting
that rejection of this hypothesis should be considered.
Hypothesis #7 stated that projects utilizing both BIM (in either design, construction,
or both) and IPD will not experience significant levels of cost growth, schedule growth, RFI
ratio, and punchlist ratio when compared to the other possible combinations of the
technology and strategy (see Figure 6, four-group design). Table 30 and Figure 55 provide
evidence suggesting that this hypothesis should not be rejected with respect to schedule
growth. These findings are revisited later in light of the multivariate results.
Multivariate results. The four multivariate models featuring schedule growth as the
dependent variable are further investigated below. The multivariate analyses control for the
contribution of the other independent variables and covariates identified in Table 1; as such,
the multivariate results may not indicate significant differences that are present in the
univariate analyses presented above.
Analysis with all independent variables and covariates. The multivariate model for
schedule growth was significant at the 95% CL (p = 0.044; see Table 10). Of the nine
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independent variables considered in this multivariate model, only project setting has a p
values less than 0.05, indicating the presence of a statistically significant relationship
between the variable and schedule growth at the 95% CL. The p values for the eight
remaining independent variables and covariates under consideration—project type, delivery
method, site civil scope, geographic region, BIM in design, BIM in construction, gross area,
and number of floors—were greater than 0.05, indicating the absence of a statistically
significant relationship to schedule growth at the 95% CL. Of note: The p value for BIM in
construction is 0.074, indicating significance at the 90% CL. The Statgraphics output for this
model at the 95% CL is provided in Appendix D. Refer to Appendix H for the Statgraphics
output for the model at the 90% CL. Refer to Table 31 for a summary of the F and p values
for the explanatory variables and covariates. A plot of the studentized residuals for schedule
growth versus row order is featured in Figure 57.
Table 31
Multivariate ANOVA Table for Schedule Growth Using all Independent Variables and
Covariates
Independent Variable
Sum of Squares Df
Project type
6.85
8
Project setting
4.03
2
Delivery method
3.85
4
Site civil scope
0.70
3
Geographic region
1.61
3
BIM in design
1.16
1
BIM in construction
2.06
1
Gross area
0.17
1
Number of floors
0.67
1
Residual
40.52
64
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
0.86
2.02
0.96
0.23
0.54
1.16
2.06
0.17
0.67
0.63

F ratio
1.35
3.19
1.52
0.37
0.85
1.84
3.26
0.27
1.05

p value
0.235
0.048*
0.206
0.776
0.474
0.180
0.076**
0.606
0.308
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Figure 57. Multivariate residuals plot for schedule growth using all variables.
A multiple comparison test utilizing Fisher’s LSD procedure was performed for
delivery method, BIM in design, and BIM in construction. This method detects significant
differences among groups of means within each variable. Refer to Table 32 for a summary of
these results.
Table 32
Multiple Range Comparisons for Schedule Growth Using all Variables
Variable/Level
Count
LS Mean
Delivery method
IPD
18
4.01
D-B
13
4.08
CM GMP
33
4.40
CM Cost+
18
4.44
D-B-B
7
4.98
BIM in Design
Yes
25
4.17
No
64
4.60
BIM in Construction
Yes
34
4.67
No
55
4.10
Note: * indicates statistical significance at the 95% CL.

LS Sigma

Homogeneous Groups

0.31
0.45
0.39
0.42
0.48

XX
X*
XX
XX
X*

0.34
0.40

X
X

0.39
0.35

X
X

Means plots of the BIM- and IPD-related variables versus schedule growth illustrate
the information contained within Table 32. Figures 58 through 60 are means plots of
schedule growth versus delivery method, BIM in design, and BIM in construction.
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Figure 58. Means plot for schedule growth versus delivery method.

Figure 59. Means plot for schedule growth versus BIM in design.
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Figure 60. Means plot for schedule growth versus BIM in construction.
Similar to the univariate results, IPD projects were found to experience lower levels
of schedule growth than the other delivery methods. Likewise, projects using BIM in design
experienced lower levels of schedule growth than projects that did not use the technology and
strategy. In concert with the pilot study results, projects using BIM in construction
experienced higher levels of schedule growth. However, these differences are not significant
at the 95% CL in the multivariate model. At the 90% CL, both IPD and D-B projects
experienced significantly lower levels of schedule growth than projects using the D-B-B
delivery method. Moreover, at the 90% CL, projects using BIM in construction experienced
significantly higher levels of schedule growth.
Analysis with technology integration and all covariates. The multivariate model for
schedule growth was not significant at the 95% CL (p = 0.064; see Table 11). None of the
seven variables considered in this multivariate model were found to have p values less than
0.05, indicating the absence of a statistically significant relationship between the variable and
schedule growth at the 95% CL. The p value for project setting was 0.061, indicating
significance at the 90% CL. Refer to Table 33 for a summary of the F and p values for the
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explanatory variables and covariates. The Statgraphics output for this model at the 95% CL is
provided in Appendix L.
Table 33
Multivariate ANOVA Table for Schedule Growth Using Technology Integration and All
Covariates
Independent Variable
Sum of Squares Df
Project type
7.97
8
Project setting
3.84
2
Site civil scope
0.81
3
Geographic region
0.86
3
Technology integration 1.79
3
Gross area
0.51
1
Number of floors
0.69
1
Residual
44.00
67
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
1.00
1.92
0.27
0.29
0.60
0.51
0.69
0.66

F ratio
1.52
2.92
0.41
0.44
0.91
0.77
1.05

p value
0.168
0.061**
0.747
0.728
0.441
0.383
0.310

A multiple comparison test utilizing Fisher’s LSD procedure was performed for
technology integration. This method detects significant differences among groups of means
within each variable. Refer to Table 34 for a summary of these results. A plot of the
studentized residuals for schedule growth versus row order is featured in Figure 61.
Table 34
Multiple Range Comparisons for Schedule Growth Using Technology Integration
Variable/Level
Count
LS Mean
13
4.10
BIM and IPD
23
4.44
BIM without IPD
5
3.78
No BIM with IPD
48
4.11
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
0.54
0.45
0.54
0.44

Homogeneous Groups
X
X
X
X
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Figure 61. Multivariate residuals plot for schedule growth using technology integration.
Means plots of the schedule growth versus technology integration illustrate the
information contained within Table 34. Refer to Figure 62 for a graph of the means and 95%
confidence intervals for schedule growth versus technology integration.

Figure 62. Means plot for schedule growth versus technology integration.
Projects using BIM and IPD experienced comparable levels of schedule growth to the
other possible combinations of the technology and strategy, at the 95% CL. This result does
not agree with the univariate analysis, which found a significant difference between projects
using BIM and IPD and those projects using neither BIM nor IPD.
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Analysis with BIM and IPD including all covariates. The multivariate model for
schedule growth was not significant at the 95% CL (p = 0.071; see Table 12). Of the nine
independent variables considered in this multivariate model, none were found to have p
values less than 0.05, indicating the presence of a statistically significant relationship
between the variable and schedule growth at the 95% CL. Of note: The p value for project
setting is 0.064, indicating significance at the 90% CL. Refer to Table 35 for a summary of
the F and p values for the explanatory variables and covariates. Refer to Appendix M for the
Statgraphics output for this model.
Table 35
Multivariate ANOVA Table for Schedule Growth Using BIM and IPD Including All
Covariates
Independent Variable
Sum of Squares Df
Project type
8.08
8
Project setting
3.78
2
Site civil scope
0.72
3
Geographic region
0.75
3
IPD
0.22
1
BIM
1.07
1
Gross area
0.44
1
Number of floors
0.64
1
BIM*IPD
0.08
1
Residual
44.28
67
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
1.01
1.89
0.24
0.25
0.22
1.07
0.44
0.64
0.08
0.66

F ratio
1.53
2.86
0.36
0.38
0.33
1.62
0.67
0.96
0.11

p value
0.164
0.064**
0.780
0.767
0.565
0.208
0.416
0.330
0.736

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 36 for a summary of the multiple range test results. A plot of the
studentized residuals for schedule growth versus row order is featured in Figure 63.
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Table 36
Multiple Range Comparisons for Schedule Growth Using BIM and IPD Including All
Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

36
53

4.21
3.82

0.29
0.41

X
X

Yes
No

17
72

3.92
4.12

0.36
0.38

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

Figure 63. Multivariate residuals plot for schedule growth using BIM and IPD including all
covariates.
Means plots of schedule growth versus BIM and IPD illustrate the information
contained within Table 36. Refer to Figures 64 and 65 for graphs of the means and 95%
confidence intervals for schedule growth versus BIM and IPD.
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Figure 64. Means plot for schedule growth versus BIM including all covariates.

Figure 65. Means plot for schedule growth versus IPD including all covariates.
Projects using BIM experienced 10.2% more adjusted schedule growth than projects
that did not use BIM; however, this difference is not significant at the 95% CL. What’s more,
IPD projects experienced 5.1% less adjusted schedule growth than projects completed using
any of the remaining delivery methods; similarly, this difference is not significant at the 95%
CL.
This model also included an interaction term, BIM*IPD. The interaction plot for BIM
and IPD illustrates that non-BIM projects experienced lower levels of schedule growth both
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in the presence and absence of IPD. The slope of the non-BIM project line suggests that
presence of IPD may have a slightly greater impact on non-BIM projects. As noted above,
the interaction term is not significant at the 95% CL. Refer to Figure 66 for the interaction
plot for schedule growth versus BIM and IPD.

Figure 66. Interaction plot for schedule growth versus BIM and IPD including all covariates.
Analysis with BIM and IPD less all covariates. The multivariate model for schedule
growth was not significant at the 95% CL (p = 0.236; see Table 13). Of the three independent
variables considered in this multivariate model, only IPD was found to have a p value less
than 0.05, indicating the presence of a statistically significant relationship between the
variable and schedule growth at the 95% CL. The p values for the two remaining independent
variables and covariates under consideration—BIM and BIM*IPD—were greater than 0.05,
indicating the absence of a statistically significant relationship to cost growth at the 95% CL.
Refer to Table 37 for a summary of the F and p values for the explanatory variables and
covariates. The Statgraphics output for this model at the 95% CL is provided in Appendix N.
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Table 37
Multivariate ANOVA Table for Schedule Growth Using BIM and IPD Less All Covariates
Independent Variable
Sum of Squares Df
IPD
3.18
1
BIM
0.32
1
BIM*IPD
0.07
1
Residual
63.5
85
Note: * indicates statistical significance at the 95% CL.

Mean Square
3.18
0.32
0.07
0.75

F ratio
4.25
0.42
0.10

p value
0.042*
0.518
0.759

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 38 for a summary of these results. Means plots of schedule growth
versus BIM and IPD illustrate the information contained within Table 38.
Table 38
Multiple Range Comparisons for Schedule Growth Using BIM and IPD Less All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

36
53

3.68
3.51

0.15
0.20

X
X

Yes
No

17
72

3.33
3.86

0.23
0.11

X*
X*

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

A plot of the studentized residuals for schedule growth versus row order is featured in
Figure 67. Refer to Figures 68 and 69 for graphs of the means and 95% confidence intervals
for schedule growth versus BIM and IPD.
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Figure 67. Multivariate residuals plot for schedule growth using BIM and IPD less all
covariates.

Figure 68. Means plot for schedule growth versus BIM less all covariates.
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Figure 69. Means plot for schedule growth versus IPD less all covariates.
Projects using BIM experienced 4.8% greater adjusted schedule growth than projects
that did not use BIM; this difference is not significant at the 95% CL. What’s more, IPD
projects experienced 16.9% less adjusted schedule growth than projects using any of the
remaining delivery methods; this difference is significant at the 95% CL. As noted above, the
covariates were not included in this analysis; as such, this model does not control for their
contribution towards schedule growth.
This model also included an interaction term, BIM*IPD. Contrary to the interaction
plot for the previous model, this plot illustrates that IPD projects experienced lower levels of
schedule growth both in the presence and absence of BIM. The roughly parallel slope of the
BIM and non-BIM project lines suggests that presence of BIM is not significant. As noted
above, this interaction is not significant at the 95% CL. Refer to Figure 70 for the interaction
plot for schedule growth versus BIM and IPD.
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Figure 70. Interaction plot for schedule growth versus BIM and IPD less all covariates.
Multivariate summary. Hypothesis #2 stated that projects utilizing BIM in design
will not experience significant levels of schedule growth when compared to projects that did
not use the technology. Figure 59 and Table 32 provide evidence suggesting that this
hypothesis should not be rejected. Similarly, Hypothesis #4 stated that projects utilizing BIM
in construction will not experience significant levels of schedule growth when compared to
projects that did not use the technology. Figure 60 and Table 32 provide evidence suggesting
that this hypothesis should also not be rejected.
Hypothesis #5 stated that projects utilizing IPD will not experience significant levels
of schedule growth when compared to projects that did not use the technology. Figure 58 and
Table 32 provide evidence suggesting that this hypothesis should also not be rejected. On the
other hand, Table 38 and Figure 69 provide evidence suggesting the opposite; namely, that
projects using IPD experienced significantly less cost growth than projects using any of the
other delivery methods. The two analyses are slightly different. The first considers all five
delivery methods and then compares the means for each method, while the second analysis
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has just two levels—IPD and non-IPD. Additionally, the first analysis controls for the
contribution of the other independent variables and covariates, while the second considers
only three variables—BIM, IPD, and BIM*IPD. As such, there is evidence supporting both
the rejection and non-rejection of this hypothesis.
Hypothesis #6 stated that the identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e., cost growth, schedule growth,
RFI ratio, and punchlist ratio). Project setting was found to have a significant relationship to
schedule growth as shown in Tables 51. Therefore, there is evidence to suggest that
Hypothesis #6 should be rejected with respect to schedule growth.
Hypothesis #7 stated that projects utilizing both BIM (in either design, construction,
or both) and IPD will not experience significant levels of cost growth, schedule growth, RFI
ratio, and punchlist ratio when compared to the other possible combinations of the
technology and strategy (see Figure 6, four-group design). Table 34 and Figure 62 provide
evidence suggesting that this hypothesis should not be rejected with respect to schedule
growth. Significant differences were not found between projects that used both BIM and IPD
and those that used other possible combinations of the technology and strategy. Moreover,
the interaction term, BIM*IPD, was not found to be significant in either of the two
multivariate analyses.
Discussion. With respect to Hypotheses #2, #4, and #7, the univariate and
multivariate results agree. That is, projects using BIM in design were not found to experience
significant schedule outcomes. Likewise, projects using BIM in construction were not found
to experience significant schedule outcomes. Lastly, projects using BIM and IPD were not
found to experience significant outcomes when compared to other possible combinations of
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the technology and strategy. Hence, Hypotheses #2, #4, and #7 (with respect to schedule
growth) are not rejected. It’s worth mentioning that, when analyzed at the 90% CL, projects
using BIM in construction experienced significantly higher levels of schedule growth than
projects that did not use the technology.
The univariate analysis found a significant difference in schedule growth between
IPD projects and two of the other delivery methods—CM GMP and D-B-B projects.
However, the results of the corresponding multivariate analysis were mixed. When the
contribution of the other independent variables and covariates were controlled for, delivery
method was not significant. Along similar lines, when BIM and IPD were analyzed together
with all covariates, IPD use was also found to be insignificant. However, when the
contribution of the covariates is not considered, the use of IPD is significant, in agreement
with the univariate analysis. Therefore, from a univariate perspective, a significant difference
in schedule growth does exist between projects that used IPD and those that did not.
However, this difference in outcomes is attributable to the contribution of other variables as
indicated by the multivariate results. Hence, Hypothesis #5 is not rejected with respect to
schedule growth.
Lastly, regarding Hypothesis #6, project setting was found to have a significant
relationship to schedule growth. The key independent variables—BIM in design, BIM in
construction, delivery method, BIM, IPD, and technology integration—were all found to be
insignificant with respect to schedule growth, when the contribution of the covariates is
considered. Project setting was found to have a much greater impact on schedule growth than
the use of either or both the technology and strategy. Hence, Hypothesis #6 is rejected with
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respect to schedule growth. Refer to Table 39 below for a recapitulation of the hypothesis
results contrasted with the pilot study results.
Table 39
Recapitulation of Schedule Growth Research Hypotheses
Hypothesis #

Reject or Not Reject

#2 Projects that utilized BIM in design will not experience
significant levels of schedule growth when compared to
projects that did not use the technology.

Not reject

Agree or Disagree
with Pilot Results
Agree

#4 Projects that utilized BIM in construction will not
experience significant levels of schedule growth when
compared to projects that did not use the technology.

Not reject

Disagree

#5 Projects that utilized IPD will not experience significant
levels of schedule growth when compared to projects that
did not use the technology.

Not reject

Agree

#6 The identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e.,
cost growth, schedule growth, RFI ratio, and punchlist ratio).

Reject with respect to
schedule growth

n/a

#7 Projects that utilized both BIM (in either design,
construction, or both) and IPD will not experience
significant levels of cost growth, schedule growth, RFI ratio,
and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6,
four-group design).

Not reject with respect
to schedule growth

n/a

Note: At the 90% CL, projects utilizing BIM in construction experienced higher levels of schedule growth than
projects that do not use the technology. However, at the 95% level the difference is not significant; hence, the
non-rejection of Hypothesis #2.

RFI Ratio Analysis
Analysis of the RFI ratio results follows, including examination of Hypotheses #6
(partial) and #7 (partial). The results of univariate and multivariate ANOVA are reported
along with multiple range comparison tests for the variables under investigation. Likewise,
residual plots, means plots, and interaction plots are presented, with discussion of the
findings.
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Univariate results. The four univariate models featuring RFI ratio as the dependent
variable are further investigated below. The corresponding independent variables were
delivery method, BIM in design, BIM in construction, and technology integration. The
univariate analyses do not control for the contribution of the other independent variables and
covariates identified in Table 1; as such, the univariate results may indicate significant
differences that are not present in corresponding multivariate analyses.
Delivery method. The univariate model for RFI ratio versus delivery method was not
significant at the 95% CL (p = 0.62; see Table 6). CM GMP projects experienced the lowest
average amount of adjusted RFI ratio followed by IPD, CM Cost +, D-B-B, and D-B;
however, these differences are not significant at the 95% CL. Refer to Table 40 for the
multiple range test results for delivery method. The means plot is featured in Figure 71.
Table 40
Multiple Range Comparisons for RFI Ratio Using Delivery Method
Variable/Level
Count
LS Mean
CM GMP
34
276.66
IPD
18
276.70
CM Cost+
20
276.94
D-B-B
7
277.21
D-B
13
277.38
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
X
X
X
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Figure 71. Means plot for RFI ratio versus delivery method.
A significant difference in RFI ratio is not present among the various delivery
methods, as the range of adjusted RFI ratio is just 0.26%. Figure 72 features the residuals
versus row order for this model.

Figure 72. Univariate residuals plot for RFI ratio using delivery method.
BIM in design. The univariate model for RFI versus BIM in design was not
significant at the 95% CL (p = 0.34; see Table 7). On average, projects using BIM in design
experienced slightly higher levels of RFI ratio than projects that did not use BIM in design.
This difference is not significant at the 95% CL. Refer to Table 41 for the multiple range test

151
results for BIM in design. Figure 73 features the means plot of RFI ratio versus BIM in
design; additionally, Figure 74 features the residuals plot versus row order for this model.
Table 41
Multiple Range Comparisons for RFI Ratio Using BIM in Design
Variable/Level
Count
LS Mean
Y
25
277.12
N
67
276.78
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X

Figure 73. Means plot for RFI ratio versus BIM in design.

Figure 74. Univariate residuals plot for RFI ratio using BIM in design.
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BIM in construction. The univariate model for RFI versus BIM in construction was
not significant at the 95% CL (p = 0.56; see Table 8). On average, projects using BIM in
construction experienced slightly higher levels of adjusted RFI ratio than projects that did not
use BIM in construction. This difference is not significant at the 95% CL. Refer to Table 42
for the multiple range test results for BIM in construction. Figure 75 features the means plot
of RFI ratio versus BIM in construction; additionally, Figure 76 features the residuals plot
versus row order for this model.
Table 42
Multiple Range Comparisons for RFI Ratio Using BIM in Construction
Variable/Level
Count
LS Mean
Y
34
276.99
N
58
276.80
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X

Figure 75. Means plot for RFI ratio versus BIM in construction.
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Figure 76. Univariate residuals plot for RFI ratio using BIM in construction.
Technology integration. The univariate model for RFI ratio versus technology
integration was not significant at the 95% CL (p = 0.60; see Table 9). Projects using IPD
without BIM experienced the lowest average amount of RFI ratio, followed by projects using
neither BIM nor IPD, projects using BIM and IPD, and, lastly, projects using BIM without
IPD. However, these differences are not significant at the 95% CL. Refer to Table 43 for the
multiple range test results for technology integration. Figure 77 features the means plot for
RFI ratio. Figure 78 features the residuals plot for this model.
Table 43
Multiple Range Comparisons for RFI Ratio Using Technology Integration
Variable/Level
Count
LS Mean
BIM and IPD
13
276.91
BIM without IPD
23
277.14
No BIM with IPD
5
276.16
Neither BIM nor IPD
51
276.81
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
X
X
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Figure 77. Means plot for RFI ratio versus technology integration.

Figure 78. Univariate residuals plot for RFI ratio using technology integration.
Univariate summary. Hypothesis #7 stated that projects utilizing both BIM (in either
design, construction, or both) and IPD will not experience significant levels of cost growth,
schedule growth, RFI ratio, and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6, four-group design). Table 43 and
Figure 77 provide evidence suggesting that this hypothesis should not be rejected with
respect to RFI ratio. These findings are revisited later in light of the multivariate results.
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Multivariate results. The four multivariate models featuring RFI ratio as the
dependent variable are further investigated below. The multivariate analyses control for the
contribution of the other independent variables and covariates identified in Table 1; as such,
the multivariate results may not indicate significant differences that are present in the
univariate analyses presented above.
Analysis with all independent variables and covariates. The multivariate model for
RFI ratio was significant at the 95% CL (p = 0.000; see Table 10). Of the eight independent
variables considered in this multivariate model, four—project type, project setting, site civil
scope, and number of floors—have p values less than 0.05, indicating the presence of a
statistically significant relationship between the variable and RFI ratio at the 95% CL. The p
values for the four remaining independent variables and covariates under consideration—
delivery method, geographic region, BIM in design, BIM in construction—were greater than
0.05, indicating the absence of a statistically significant relationship to RFI ratio at the 95%
CL. Of note: The p value for geographic region is 0.060, indicating significance at the 90%
CL. Refer to Table 44 for a summary of the F and p values for the explanatory variables and
covariates. The Statgraphics output for this model at the 95% CL is provided in Appendix E.
Table 44
Multivariate ANOVA Table for RFI Ratio Using All Independent Variables and Covariates
Independent Variable
Sum of Squares Df
Project type
31.59
8
Project setting
18.52
2
Delivery method
3.78
4
Site civil scope
31.36
3
Geographic region
12.37
3
BIM in design
0.00
1
BIM in construction
0.46
1
Number of floors
31.11
1
Residual
108.35
68
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
3.95
9.26
0.95
10.45
4.12
0.00
0.46
31.11
1.59

F ratio
2.48
5.81
0.59
6.56
2.59
0.00
0.29
19.53

p value
0.020*
0.005*
0.669
0.000*
0.060**
0.968
0.595
0.000*

156
A plot of the studentized residuals for schedule growth versus row order is featured in
Figure 79.

Figure 79. Multivariate residuals plot for RFI ratio using all variables.
A multiple comparison test utilizing Fisher’s LSD procedure was performed for
delivery method, BIM in design, and BIM in construction. This method detects significant
differences among groups of means within each variable. Refer to Table 45 for a summary of
these results.
Table 45
Multiple Range Comparisons for RFI Ratio Using All Variables
Variable/Level
Count
LS Mean
Delivery method
IPD
18
276.69
CM GMP
34
277.07
CM Cost+
20
277.20
D-B
13
277.21
D-B-B
7
277.83
BIM in Design
Yes
25
277.19
No
67
277.21
BIM in Construction
Yes
34
277.07
No
58
277.33
Note: * indicates statistical significance at the 95% CL.

LS Sigma

Homogeneous Groups

0.49
0.61
0.66
0.70
0.76

X
X
X
X
X

0.53
0.62

X
X

0.61
0.55

X
X
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Means plots of the BIM- and IPD-related variables versus RFI ratio illustrate the
information contained within Table 45. Figures 80 through 82 are means plots of RFI ratio
versus delivery method, BIM in design, and BIM in construction.

Figure 80. Means plot for RFI ratio versus delivery method.

Figure 81. Means plot for RFI ratio versus BIM in design.
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Figure 82. Means plot for RFI ratio versus BIM in construction.
Similar to the univariate results, no significant difference in RFI ratio was found
between IPD projects and projects completed under the other delivery methods. Likewise, no
significant difference in RFI ratio was found between projects using BIM in design or BIM
in construction, or in projects that did not use the technology and strategy.
Analysis with technology integration and all covariates. The multivariate model for
RFI ratio was significant at the 95% CL (p = 0.000; see Table 11). Of the six variables
considered in this multivariate model, four—project type, project setting, site civil scope, and
number of floors—were found to have p values less than 0.05, indicating the presence of a
statistically significant relationship between the variable and RFI ratio at the 95% CL. The p
values for the two remaining variables—geographic region and technology integration—
were greater than 0.05, indicating the absence of statistically significant relationship to RFI
ratio at the 95% CL. Refer to Table 46 for a summary of the F and p values for the
explanatory variables and covariates. The Statgraphics output for this model at the 95% CL is
provided in Appendix O.
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Table 46
Multivariate ANOVA Table for RFI Ratio Using Technology Integration and All Covariates
Independent Variable
Sum of Squares Df
Project type
31.89
8
Project setting
23.08
2
Site civil scope
32.18
3
Geographic region
10.00
3
Technology integration 3.88
3
Number of floors
35.51
1
Residual
109.67
71
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
3.99
11.54
10.73
3.33
1.29
35.51
1.55

F ratio
2.58
7.47
6.94
2.16
0.84
22.99

p value
0.016*
0.001*
0.000*
0.101
0.478
0.000*

A multiple comparison test utilizing Fisher’s LSD procedure was performed for
technology integration. This method detects significant differences among groups of means
within each variable. Refer to Table 47 for a summary of these results. A studentized
residuals plot for RFI versus row order is featured in Figure 83.
Table 47
Multiple Range Comparisons for RFI Ratio Using Technology Integration
Variable/Level
Count
LS Mean
13
276.76
BIM and IPD
23
276.77
BIM without IPD
5
276.46
No BIM with IPD
51
277.23
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
0.50
0.69
0.81
0.66

Homogeneous Groups
X
X
X
X

Figure 83. Multivariate residuals plot for RFI ratio using technology integration.
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Means plots of the RFI ratio versus technology integration illustrate the information
contained within Table 47. Refer to Figure 84 for a graph of the means and 95% confidence
intervals for RFI ratio versus technology integration.

Figure 84. Means plot for RFI ratio versus technology integration.
Projects using both BIM and IPD experienced comparable levels of RFI ratio to the
other possible combinations of the technology and strategy, at the 95% CL. This result agrees
with the univariate analysis, which found no significant difference between projects using
BIM and IPD and those projects using other possible combinations of the technology and
strategy.
Analysis with BIM and IPD including all covariates. The multivariate model for
RFI ratio was significant at the 95% CL (p = 0.000; see Table 12). Of the nine independent
variables considered in this multivariate model, four—project type, project setting, site civil
scope, and number of floors—were found to have p values less than 0.05, indicating the
presence of a statistically significant relationship between the variable and RFI ratio at the
95% CL. The p values for the three remaining variables—BIM, IPD, and BIM*IPD—were
greater than 0.05, indicating the absence of statistically significant relationship. Of note: The
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p value for geographic region is 0.055, indicating significance at the 90% CL. Refer to Table
48 for a summary of the F and p values for the explanatory variables and covariates. The
Statgraphics output for this model at the 95% CL is provided in Appendix P.
Table 48
Multivariate ANOVA Table for RFI Ratio Using BIM and IPD Including All Covariates
Independent Variable
Sum of Squares Df
Project type
31.86
8
Project setting
22.79
2
Site civil scope
32.15
3
Geographic region
12.27
3
IPD
1.02
1
BIM
0.07
1
Number of floors
35.71
1
BIM*IPD
1.16
1
Residual
109.66
71
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
3.98
11.39
10.72
4.09
1.02
0.07
35.71
1.16
1.54

F ratio
2.58
7.38
6.94
2.65
0.66
0.05
23.12
0.75

p value
0.016*
0.001*
0.000*
0.056**
0.418
0.831
0.000*
0.390

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 49 for a summary of the multiple range test results. A plot of the
studentized residuals for RFI ratio versus row order is featured in Figure 85.
Table 49
Multiple Range Comparisons for RFI Ratio Using BIM and IPD Including All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

36
56

276.77
276.86

0.45
0.61

X
X

Yes
No

17
75

276.60
277.03

0.54
0.56

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.
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Figure 85. Multivariate residuals plot for RFI ratio using BIM and IPD including all
covariates.
Means plots of RFI ratio versus BIM and IPD illustrate the information contained
within Table 49. Projects using BIM experienced slightly less adjusted RFI ratio than
projects that did not use BIM; the difference is not significant at the 95% CL. What’s more,
IPD projects experienced slightly less adjusted RFI ratio than projects completed using any
of the remaining delivery methods; similarly, the difference is not significant at the 95% CL.
Refer to Figure 86 and 87 for graphs of the means and 95% confidence intervals for RFI ratio
versus BIM and IPD.

Figure 86. Means plot for RFI ratio versus BIM including all covariates.
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Figure 87. Means plot for RFI ratio versus IPD including all covariates.
This model also included an interaction term, BIM*IPD. The interaction plot for BIM
and IPD illustrates that non-BIM projects experience lower levels of RFI ratio in the presence
of IPD. Meanwhile, BIM projects appear to be generally unaffected by the use of IPD. As
such, the severe slope of the non-BIM project line suggests that presence of IPD has a greater
impact on non-BIM projects. As noted above, the interaction term is not significant at the
95% CL. Refer to Figure 88 for the interaction plot for RFI ratio versus BIM and IPD.

Figure 88. Interaction plot for RFI ratio versus BIM and IPD including all covariates.
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Analysis with BIM and IPD less all covariates. The multivariate model for RFI ratio
was not significant at the 95% CL (p = 0.589; see Table 13). Of the three independent
variables considered in this multivariate model, none were found to have a p value less than
0.05, indicating the presence of a statistically significant relationship between the variable
and RFI ratio at the 95% CL. Refer to Table 50 for a summary of the F and p values for the
explanatory variables and covariates. The Statgraphics output for this model at the 95% CL is
provided in Appendix Q.
Table 50
Multivariate ANOVA Table for RFI Using BIM and IPD Less All Covariates
Independent Variable
Sum of Squares Df
IPD
2.46
1
BIM
3.23
1
BIM*IPD
0.39
1
Residual
209.5
88
Note: * indicates statistical significance at the 95% CL.
A multiple comparison

Mean Square
2.46
3.23
0.39
2.38

F ratio
1.03
1.36
0.16

p value
0.312
0.247
0.69

test utilizing Fisher’s LSD procedure was performed for BIM

and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 51 for a summary of these results. A plot of the studentized residuals
for schedule growth versus row order is featured in Figure 89.
Table 51
Multiple Range Comparisons for RFI Ratio Using BIM and IPD Less All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

36
56

276.49
277.01

0.362
0.273

X
X

Yes
No

17
75

276.52
276.98

0.411
0.191

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.
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Figure 89. Multivariate residuals plot for RFI ratio using BIM and IPD less all covariates.
Means plots of RFI ratio versus BIM and IPD illustrate the information contained
within Table 51. Refer to Figures 90 and 91 for graphs of the means and 95% confidence
intervals for RFI ratio versus BIM and IPD.

Figure 90. Means plot for RFI ratio versus BIM less all covariates.
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Figure 91. Means plot for RFI ratio versus IPD less all covariates.
Projects using BIM experienced slightly less adjusted RFI ratio than projects that did
not use BIM; this difference is not significant at the 95% CL. What’s more, IPD projects
experienced slightly less adjusted RFI ratio than projects using any of the remaining delivery
methods; again, this difference is not significant at the 95% CL. As noted above, the
covariates were not included in this analysis; as such, this model does not control for their
contribution towards RFI ratio.
This model also included an interaction term, BIM*IPD. Contrary to the interaction
plot for the previous model, this plot illustrates that IPD projects experienced lower levels
RFI ratio both in the presence and absence of BIM. The slope of the non-BIM project line
suggests that the presence of IPD has a greater impact on non-BIM projects. As noted above,
this interaction is not significant at the 95% CL. Refer to Figure 92 for the interaction plot for
RFI ratio versus BIM and IPD.
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Figure 92. Interaction plot for RFI ratio versus BIM and IPD less all covariates.
Multivariate summary. Hypothesis #6 stated that the identified covariates (see Table
1) will not exhibit significant relationships to the four dependent variables (i.e., cost growth,
schedule growth, RFI ratio, and punchlist ratio). Project type, project setting, site civil scope,
and number of floors were all found to have a significant relationship to RFI ratio as shown
in Tables 46 and 48; therefore, there is evidence to suggest that Hypothesis #6 should be
rejected with respect to RFI ratio. Hypothesis #7 stated that projects utilizing both BIM (in
either design, construction, or both) and IPD will not experience significant levels of cost
growth, schedule growth, RFI ratio, and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6, four-group design). Tables 48
through 51 and Figures 84, 88, and 92 provide evidence suggesting that this hypothesis
should not be rejected with respect to RFI ratio. Significant differences were not found
between projects that used both BIM and IPD and those that used other possible
combinations of the technology and strategy. Moreover, the interaction term, BIM*IPD, was
not found to be significant in either of the two multivariate analyses.
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Discussion. Project type, project setting, site civil scope, and number of floors were
significant in the multivariate models, indicating that these factors contribute much more to
the level of RFI ratio experienced than the presence or absence of BIM and IPD. Hence,
Hypothesis #6 is rejected with respect to RFI ratio.
With respect to Hypothesis #7, the univariate and multivariate results agree. That is,
projects using both BIM and IPD were not found to experience significant RFI ratio
outcomes when compared to other possible combinations of the technology and strategy.
Hence, Hypothesis #7 (with respect to RFI ratio) is not rejected.
These findings are contrary to the literature, which suggests that the use of both BIM
and IPD should improve the quality of the design and therefore reduce the number of RFI. It
has been thought that improved design quality would be brought about by the technological
and organizational coupling of project participants required by the technology and strategy.
In light of the theoretical framework, it appears as if the use of BIM and IPD may not trigger
altered scripts among project participants that bring about subsequent varied outcomes with
respect to RFI ratio. That is, the contracting procedures and cultural inertia carried over from
the traditional delivery methods remain largely in place in both BIM and IPD engagements—
a situation that would preclude a reduction in the quantity and frequency of RFI. A further
explanation is that the use of BIM and IPD does not measurably improve the quality of
design documents, preventing a reduction in the number of RFI required to construct the
facility. Refer to Table 52 for a recapitulation of the RFI ratio hypothesis results.
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Table 52
Recapitulation of RFI Ratio Research Hypotheses
Hypothesis #

Reject or Not Reject

#6 The identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e.,
cost growth, schedule growth, RFI ratio, and punchlist ratio).

Reject with respect to
RFI ratio

#7 Projects that utilized both BIM (in either design,
construction, or both) and IPD will not experience
significant levels of cost growth, schedule growth, RFI ratio,
and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6,
four-group design).

Not reject with respect
to RFI ratio

Agree or Disagree
with Pilot Results
n/a

n/a

Punchlist Ratio Analysis
Analysis of the punchlist ratio results follows, including examination of Hypotheses
#6 (partial) and #7 (partial). The results of univariate and multivariate ANOVA are reported
along with multiple range comparison tests for the variables under investigation. Likewise,
residual plots, means plots, and interaction plots are presented, with discussion of the
findings.
Univariate results. The four univariate models featuring punchlist ratio as the
dependent variable are further investigated below. The corresponding independent variables
were delivery method, BIM in design, BIM in construction, and technology integration. The
univariate analyses do not control for the contribution of the other independent variables and
covariates identified in Table 1; as such, the univariate results may indicate significant
differences that are not present in corresponding multivariate analyses.
Delivery method. The univariate model for punchlist ratio versus delivery method
was not significant at the 95% CL (p = 0.31; see Table 6). D-B-B projects experienced the
lowest average amount of adjusted punchlist ratio followed by IPD, CM GMP, CM Cost +,
IPD, and D-B; however, these differences are not significant at the 95% CL. Refer to Table
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53 for the multiple range test results for delivery method. The means plot is featured in
Figure 93.
Table 53
Multiple Range Comparisons for Punchlist Ratio Using Delivery Method
Variable/Level
Count
LS Mean
D-B-B
7
1.19
CM GMP
34
1.36
CM Cost+
20
1.81
IPD
16
1.81
D-B
14
1.93
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
X
X
X

Figure 93. Means plot for punchlist ratio versus delivery method.
A significant difference in punchlist ratio is not present among the various delivery
methods. The range of adjusted punchlist ratio is 0.74 or 38.3%. Figure 94 features the
residuals versus row order for this model.
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Figure 94. Univariate residuals plot for punchlist ratio using delivery method.
BIM in design. The univariate model for punchlist versus BIM in design was not
significant at the 95% CL (p = 0.86; see Table 7). On average, projects using BIM in design
experienced slightly higher levels of punchlist ratio than projects that did not used BIM in
design. This difference is not significant at the 95% CL. Refer to Table 54 for the multiple
range test results for BIM in design. Figure 95 below features the means plot of punchlist
ratio versus BIM in design; additionally, Figure 96 features the residuals plot versus row
order for this model.
Table 54
Multiple Range Comparisons for Punchlist Ratio Using BIM in Design
Variable/Level
Count
LS Mean
Y
24
1.65
N
67
1.60
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
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Figure 95. Means plot for punchlist ratio versus BIM in design.

Figure 96. Univariate residuals plot for punchlist ratio using BIM in design.
BIM in construction. The univariate model for punchlist ratio versus BIM in
construction was not significant at the 95% CL (p = 0.78; see Table 8). On average, projects
using BIM in construction experienced slightly lower levels of adjusted punchlist ratio than
projects that did not use BIM in construction. This difference is not significant at the 95%
CL. Refer to Table 55 for the multiple range test results for BIM in construction. Figure 97
features the means plot of punchlist ratio versus BIM in construction; additionally, Figure 98
features the residuals plot versus row order for this model.
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Table 55
Multiple Range Comparisons for Punchlist Ratio Using BIM in Construction
Variable/Level
Count
LS Mean
Y
34
1.57
N
57
1.64
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X

Figure 97. Means plot for punchlist ratio versus BIM in construction.

Figure 98. Univariate residuals plot for punchlist ratio using BIM in construction.
Technology integration. The univariate model for punchlist ratio versus technology
integration was not significant at the 95% CL (p = 0.77; see Table 9). Projects using IPD
without BIM experienced the lowest average amount of punchlist ratio followed by projects
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using BIM without IPD, projects using neither BIM nor IPD, and, lastly, projects using BIM
and IPD. However, these differences are not significant at the 95% CL. Refer to Table 56 for
the multiple range test results for technology integration. Figure 99 features the means plot
for punchlist ratio. Figure 100 features the residuals plot for this model.
Table 56
Multiple Range Comparisons for Punchlist Ratio Using Technology Integration
Variable/Level
Count
LS Mean
BIM and IPD
13
1.91
BIM without IPD
23
1.54
No BIM with IPD
4
1.43
Neither BIM nor IPD
51
1.59
Note: * indicates a significant difference at the 95% CL.

Homogeneous Groups
X
X
X
X

Figure 99. Means plot for punchlist ratio versus technology integration.
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Figure 100. Univariate residuals plot for punchlist ratio using technology integration.
Univariate summary. Hypothesis #7 stated that projects utilizing both BIM (in either
design, construction, or both) and IPD will not experience significant levels of cost growth,
schedule growth, RFI ratio, and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6, four-group design). Table 56 and
Figure 99 provide evidence suggesting that this hypothesis should not be rejected with
respect to punchlist ratio. These findings are revisited later in light of the multivariate results.
Multivariate results. The four multivariate models featuring punchlist ratio as the
dependent variable are further investigated below. The multivariate analyses control for the
contribution of the other independent variables and covariates identified in Table 1; as such,
the multivariate results may not indicate significant differences that are present in the
univariate analyses presented above.
Analysis with all independent variables and covariates. The multivariate model for
punchlist ratio was not significant at the 95% CL (p = 0.123; see Table 10). Of the nine
independent variables considered in this multivariate model, two—project setting and gross
area—have p values less than 0.05, indicating the presence of a statistically significant
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relationship between the variable and punchlist ratio at the 95% CL. The p values for the
seven remaining independent variables and covariates under consideration were greater than
0.05, indicating the absence of a statistically significant relationship to RFI ratio at the 95%
CL. Refer to Table 57 for a summary of the F and p values for the explanatory variables and
covariates. A plot of the studentized residuals for schedule growth versus row order is
featured in Figure 101. The Statgraphics output for this model at the 95% CL is provided in
Appendix F.
Table 57
Multivariate ANOVA Table for Punchlist Ratio Using all Independent Variables and
Covariates
Independent Variable
Sum of Squares Df
Project type
5.50
8
Project setting
7.21
2
Delivery method
3.40
4
Site civil scope
6.73
3
Geographic region
1.02
4
BIM in design
0.21
1
BIM in construction
0.38
1
Gross area
11.5
1
Number of floors
2.62
1
Residual
74.24
65
Note: * indicates statistical significance at the 95% CL.

Mean Square
0.69
3.60
0.85
2.24
0.25
0.21
0.38
11.44
2.62
1.14

F ratio
0.60
3.15
0.75
1.96
0.22
0.18
0.33
10.01
2.29

Figure 101. Multivariate residuals plot for punchlist ratio using all variables.

p value
0.774
0.049*
0.565
0.128
0.925
0.673
0.566
0.003*
0.135
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A multiple comparison test utilizing Fisher’s LSD procedure was performed for
delivery method, BIM in design, and BIM in construction. This method detects significant
differences among groups of means within each variable. Refer to Table 58 for a summary of
these results. Means plots of the BIM- and IPD-related variables versus punchlist ratio
illustrate the information contained within Table 58. Figures 102 through 105 are means plots
of punchlist ratio versus delivery method, BIM in design, and BIM in construction.
Table 58
Multiple Range Comparisons for Punchlist Ratio Using All Variables
Variable/Level
Count
LS Mean
Delivery method
D-B-B
7
1.32
CM GMP
34
1.63
IPD
16
1.74
D-B
14
1.78
CM Cost+
20
2.15
BIM in Design
Yes
24
1.64
No
67
1.82
BIM in Construction
Yes
34
1.85
No
57
1.60
Note: * indicates statistical significance at the 95% CL.

LS Sigma

Homogeneous Groups

0.65
0.53
0.50
0.57
0.54

X
X
X
X
X

0.49
0.51

X
X

0.50
0.51

X
X

Figure 102. Means plot for punchlist ratio versus delivery method.
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Figure 103. Means plot for punchlist ratio versus BIM in design.

Figure 104. Means plot for punchlist ratio versus BIM in construction.
Similar to the univariate results, no significant difference in punchlist ratio was found
between IPD projects and projects completed under the other delivery methods. Likewise, no
significant difference in punchlist ratio was found between projects using BIM in design or
BIM in construction, and projects that did not use either the technology or the strategy.
Analysis with technology integration and all covariates. The multivariate model for
punchlist ratio was significant at the 95% CL (p = 0.033; see Table 11). Of the six variables
considered in this multivariate model, two—site civil scope and gross area—were found to
have p values less than 0.05, indicating the presence of a statistically significant relationship
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between the variable and punchlist ratio at the 95% CL. The p values for the four remaining
variables—project type, project setting, technology integration, and number of floors—were
greater than 0.05, indicating the absence of a statistically significant relationship to RFI ratio
at the 95% CL. Of note: the p value for project setting was 0.078, indicating significance at
the 90% CL. Refer to Table 59 for a summary of the F and p values for the explanatory
variables and covariates. The Statgraphics output for this model at the 95% CL is provided in
Appendix R.
Table 59
Multivariate ANOVA Table for RFI Ratio Using Technology Integration and All Covariates
Independent Variable
Sum of Squares Df
Project type
6.94
8
Project setting
5.75
2
Site civil scope
9.47
3
Technology integration 2.75
3
Gross area
14.48
1
Number of floors
2.65
1
Residual
75.98
70
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
0.87
2.87
3.16
0.91
14.5
2.65
1.09

F ratio
0.80
2.65
2.91
0.84
13.34
2.44

p value
0.605
0.078**
0.041*
0.476
0.001*
0.123

A multiple comparison test utilizing Fisher’s LSD procedure was performed for
technology integration. This method detects significant differences among groups of means
within each variable. Refer to Table 60 for a summary of these results. A plot of the
studentized residuals for punchlist versus row order is featured in Figure 105.
Table 60
Multiple Range Comparisons for Punchlist Ratio Using Technology Integration
Variable/Level
Count
LS Mean
11
2.08
BIM and IPD
23
1.50
BIM without IPD
4
1.09
No BIM with IPD
51
1.52
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
0.46
0.34
0.62
0.26

Homogeneous Groups
X
X
X
X
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Figure 105. Multivariate residuals plot for punchlist ratio using technology integration.
Means plots of the punchlist ratio versus technology integration illustrate the
information contained within Table 60. Refer to Figure 106 for a graph of the means and
95% confidence intervals for RFI ratio versus technology integration.

Figure 106. Means plot for punchlist ratio versus technology integration.
Projects using both BIM and IPD experienced comparable levels of punchlist ratio to
the other possible combinations of the technology and strategy, at the 95% CL. This result
agrees with the univariate analysis, which found no significant difference between projects
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using BIM and IPD and those projects using other possible combinations of the technology
and strategy.
Analysis with BIM and IPD including all covariates. The multivariate model for
punchlist ratio was significant at the 95% CL (p = 0.033; see Table 12). Of the eight
independent variables considered in this multivariate model, two—site civil scope and gross
area—were found to have p values less than 0.05, indicating the presence of a statistically
significant relationship between the variable and punchlist ratio at the 95% CL. The p values
for the six remaining variables—project type, project setting, IPD, BIM, number of floors,
and BIM*IPD—were greater than 0.05, indicating the absence of statistically significant
relationship. Of note: The p value for project setting is 0.078, indicating significance at the
90% CL. Refer to Table 61 for a summary of the F and p values for the explanatory variables
and covariates. The Statgraphics output for this model at the 95% CL is provided in
Appendix S.
Table 61
Multivariate ANOVA Table for Punchlist Ratio Using BIM and IPD Including All Covariates
Independent Variable
Sum of Squares Df
Project type
6.94
8
Project setting
5.75
2
Site civil scope
9.47
3
IPD
0.05
1
BIM
1.55
1
Gross area
14.48
1
Number of floors
2.65
1
BIM*IPD
2.10
1
Residual
75.98
70
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
0.87
2.87
3.16
0.05
1.55
14.48
2.65
2.10
1.09

F ratio
0.80
2.65
2.91
0.05
1.43
13.34
2.44
1.93

p value
0.605
0.078**
0.041*
0.831
0.237
0.001*
0.123
0.170

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
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variable. Refer to Table 62 for a summary of the multiple range test results. A plot of the
studentized residuals for punchlist ratio versus row order is featured in Figure 107.
Table 62
Multiple Range Comparisons for Punchlist Ratio Using BIM and IPD Including All
Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

34
55

1.79
1.31

0.33
0.38

X
X

Yes
No

15
74

1.59
1.51

0.42
0.25

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

Figure 107. Multivariate residuals plot for punchlist ratio using BIM and IPD including all
covariates.
Means plots of punchlist ratio versus BIM and IPD illustrate the information
contained within Table 62. Projects using BIM experienced slightly higher adjusted punchlist
ratio than projects that did not use BIM; this difference is not significant at the 95% CL.
What’s more, IPD projects experienced slightly higher adjusted punchlist ratio than projects
completed using any of the remaining delivery methods; similarly, this difference is not
significant at the 95% CL. Refer to Figure 108 and 109 for graphs of the means and 95%
confidence intervals for punchlist ratio versus BIM and IPD.

183

Figure 108. Means plot for punchlist ratio versus BIM including all covariates.

Figure 109. Means plot for punchlist ratio versus IPD including all covariates.
This model also included an interaction term, BIM*IPD. The interaction plot for BIM
and IPD illustrates that non-BIM projects experience lower levels of punchlist ratio in the
presence of IPD. Meanwhile, BIM projects experience higher levels of punchlist ratio in the
presence of IPD. As noted above, the interaction term is not significant at the 95% CL. Refer
to Figure 110 for the interaction plot for punchlist ratio versus BIM and IPD.
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Figure 110. Interaction plot for punchlist ratio versus BIM and IPD including all covariates.
Analysis with BIM and IPD less all covariates. The multivariate model for punchlist
ratio was not significant at the 95% CL (p = 0.896; see Table 13). Of the three independent
variables considered in this multivariate model, none were found to have a p value less than
0.05, indicating the presence of a statistically significant relationship between the variable
and RFI ratio at the 95% CL. Refer to Table 63 for a summary of the F and p values for the
explanatory variables and covariates. The Statgraphics output for this model at the 95% CL is
provided in Appendix T.
Table 63
Multivariate ANOVA Table for Punchlist Ratio Using BIM and IPD Less All Covariates
Independent Variable
Sum of Squares Df
IPD
0.04
1
BIM
0.27
1
BIM*IPD
0.52
1
Residual
111.71
85
Note: * indicates statistical significance at the 95% CL.
A multiple comparison

Mean Square
0.04
0.21
0.40
1.31

F ratio
0.03
0.21
0.40

p value
0.859
0.650
0.530

test utilizing Fisher’s LSD procedure was performed for BIM

and IPD. This method detects significant differences among groups of means within each
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variable. Refer to Table 64 for a summary of these results. A plot of the studentized residuals
for schedule growth versus row order is featured in Figure 111.
Table 64
Multiple Range Comparisons for RFI Ratio Using BIM and IPD Less All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

34
55

1.67
1.51

0.21
0.30

X
X

Yes
No

15
74

1.56
1.63

0.14
0.33

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.

Figure 111. Multivariate residuals plot for punchlist ratio using BIM and IPD less all
covariates.
Means plots of punchlist ratio versus BIM and IPD illustrate the information
contained within Table 64. Refer to Figures 112 and 113 for graphs of the means and 95%
confidence intervals for punchlist ratio versus BIM and IPD.
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Figure 112. Means plot for punchlist ratio versus BIM less all covariates.

Figure 113. Means plot for punchlist ratio versus IPD less all covariates.
Projects using BIM experienced slightly higher levels of adjusted punchlist ratio than
projects that did not use BIM; this difference is not significant at the 95% CL. What’s more,
IPD projects experienced slightly lower levels of adjusted punchlist ratio than projects using
any of the remaining delivery methods; again, this difference is not significant at the 95%
CL. As noted above, the covariates were not included in this analysis; as such, this model
does not control for their contribution towards punchlist ratio.
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This model also included an interaction term, BIM*IPD. The interaction plot below
illustrates that BIM projects experienced higher levels of punchlist ratio in the presence of
IPD. Likewise, non-BIM projects experienced lower levels of punchlist ratio in the presence
of IPD. As noted above, this interaction is not significant at the 95% CL. Refer to Figure 114
for the interaction plot for punchlist ratio versus BIM and IPD.

Figure 114. Interaction plot for punchlist ratio versus BIM and IPD less all covariates.
Multivariate summary. Hypothesis #6 stated that the identified covariates (see Table
1) will not exhibit significant relationships to the four dependent variables (i.e., cost growth,
schedule growth, RFI ratio, and punchlist ratio). Project setting, site civil scope, and gross
area were found to have a significant relationship to punchlist ratio as shown in Tables 57,
59, and 61; therefore, there is evidence to suggest that Hypothesis #6 should be rejected with
respect to punchlist ratio. Hypothesis #7 stated that projects utilizing both BIM (in either
design, construction, or both) and IPD will not experience significant levels of cost growth,
schedule growth, RFI ratio, and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6, four-group design). Tables 60
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through 63 and Figures 106, 110, and 114 provide evidence suggesting that this hypothesis
should not be rejected with respect to punchlist ratio. Significant differences were not found
between projects that used both BIM and IPD and those that used other possible
combinations of the technology and strategy. Moreover, the interaction term, BIM*IPD, was
not found to be significant in either of the two multivariate analyses.
Discussion. Project setting, site civil scope, and gross area were significant in the
multivariate models, indicating that these factors contribute much more to the level of
punchlist ratio experienced than the presence or absence of BIM and IPD. Hence, Hypothesis
#6 is rejected with respect to punchlist ratio. These findings suggest that other explanatory
factors, not measured in this study, may be responsible for a sizable portion of the variability
experienced in punchlist ratio.
With respect to Hypothesis #7, the univariate and multivariate results agree. That is,
projects using both BIM and IPD were not found to experience significant levels of punchlist
ratio outcomes when compared to other possible combinations of the technology and
strategy. Hence, Hypothesis #7 (with respect to punchlist ratio) is not rejected.
These findings are contrary to the literature, which suggests that the use of both BIM
and IPD should improve the quality of construction and therefore reduce the number of
punchlist items. It has been thought that improved construction quality would be brought
about by the technological and organizational coupling of project participants required by the
technology and strategy. In light of the theoretical framework, it appears as if the use of BIM
and IPD may not trigger altered scripts among project participants that bring about
subsequent varied outcomes with respect to punchlist ratio. That is, the contracting
procedures and cultural inertia carried over from the traditional delivery methods remain
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largely in place in both BIM and IPD engagements—a situation that would preclude a
reduction in the quantity and frequency of punchlist. A further explanation is that the use of
BIM and IPD does not measurably improve the quality of construction, thwarting a reduction
in the number of punchlist items generated during construction. Refer to Table 65 for a
recapitulation of the punchlist ratio hypothesis results.
Table 65
Recapitulation of Punchlist Ratio Research Hypotheses
Hypothesis #

Reject or Not Reject

#6 The identified covariates (see Table 1) will not exhibit
significant relationships to the four dependent variables (i.e.,
cost growth, schedule growth, RFI ratio, and punchlist ratio).

Reject with respect to
punchlist ratio

#7 Projects that utilized both BIM (in either design,
construction, or both) and IPD will not experience
significant levels of cost growth, schedule growth, RFI ratio,
and punchlist ratio when compared to the other possible
combinations of the technology and strategy (see Figure 6,
four-group design).

Not reject with respect
to punchlist

Agree or Disagree
with Pilot Results
n/a

n/a

Healthcare Subset Analysis
The multivariate analyses found that project type was a significant explanatory
variable associated with two of the four dependent variables (i.e., cost growth and RFI ratio).
Healthcare construction projects are the largest subset in the overall project data set (see
Figure 18) and have been featured prominently within the literature on both BIM and IPD
(e.g., AIA, 2010; AIA, 2012; and Post, 2007). Additionally, the results of the preceding
analyses generally call into question the importance of BIM and IPD with respect to overall
project performance. Moreover, El Asmar (2012) recommended that future studies examine
data sets of similar project types. Therefore, it was decided to evaluate a smaller subset of the
93 projects; namely, the 30 healthcare projects for which data were collected.
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Characterization of the healthcare data. Refer to Tables 66 and 67 in concert with
Figures 115 through 117 for further demographic information regarding healthcare the data
set.
Table 66
Healthcare Data Counts and Associated Sources
Data Group
1
2

Source and Type of Data
Published reports and case studies;
secondary data
Archival project data; primary data

Project Count (sources)
4 (1)
26 (1 firm; 25 staff members)

Table 67
Healthcare Data Characteristics
Characteristic
Geography

Count
8

Comments
8 U.S. States; 3 geographic regions

Delivery Methods

5

Cost Range

-

CM Cost +, CM GMP, IPD, D-BB, D-B
$1.9 mil-$298mil

Gross Area Range

-

7,000 to 780,000 sq. ft.

Figure 115. Bar chart for healthcare project setting.
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Figure 116. Bar chart for healthcare project delivery method.

Figure 117. Bar chart for healthcare project geographic region.
Healthcare data descriptive statistics and normality. The healthcare response data
were analyzed using basic descriptive statistics, including mean, median, standard deviation,
and range. Normality tests performed on the response variables indicate that the data do not
generally follow a normal distribution. Refer to Table 68 for a summary of these statistics.
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Table 68
Healthcare Data Dependent Variable Descriptive and Normality Statistics
Statistic
Cost Growth
Sch. Growth
RFI Ratio
Punchlist Ratio
Mean
2.64
4.78
2.27
8.59
Standard deviation
7.47
10.10
1.35
15.04
0.4 to 91.9
Range
-13.3 to 27.3
-13.6 to 28.6
0.4 to 5.7
Range ratio
3.5:1
3.1:1
15.0:1a
229.8:1a
a
b
b
Chi Sq. GOF
24.0 (p=0.020)
83.0 (p=0.000)
11.64 (p=0.475)
52.17 (p=0.000)b
a
b
b
Shapiro Wilks W
0.88 (p=0.002)
0.88 (p=0.003)
0.94 (p=0.142)
0.50 (p=0.000)b
a
b
Z Score skewness
2.00 (p=0.046)
1.36(p=0.174)
1.22 (p=0.224)
3.63 (p=0.000)b
a
b
Z Score kurtosis
2.67 (p=0.008)
0.58(p=0.564)
0.35 (p=0.729)
4.53 (p=0.000)b
Count
30
30
30
Note. a The range of the data exceeds the 5:1 rule of thumb (Chapman, 2011) suggesting a data transformation
may be required prior to further analysis.
b
p values less than 0.05 allow for rejection of the assumption that the data come from a normal distribution with
95% confidence.

A preliminary inferential analysis using multivariate ANOVA indicated unusual
residuals associated with punchlist ratio data point 25 and RFI ratio data point 25. This point
was further investigated and subsequently removed from the respective data sets.
Healthcare data transformation. Various data transformations were attempted to
correct for the non-normal distribution and the unacceptable wide range of the response
variables. The natural log, base 10 log, square root, reciprocal, power (exponent), and the
Box-Cox transform were completed for each of the four response variables. The best
transform, as judged by the normality statistics referenced above, was selected for further use
in the analysis.
The healthcare data for schedule growth presented a challenge. The natural log, base
10 log, square root, reciprocal, and Box-Cox transform all failed to correct the response data
to a normal distribution. While not considered normal according to the Chi-Square and
Shapiro-Wilks W test statistics, the Box-Cox transform with λ1=0.455 and λ2=20 returned an
acceptable data range along with normal skewness and kurtosis statistics. What’s more, the
frequency histogram for the transformed schedule growth data has a normal appearance.

193
Refer to Figure 118 for the histograms associated with schedule growth using the Box-Cox
transform.

Before

After

Figure 118. Frequency histograms for healthcare schedule growth before and after data
transformation.
Similarly, the healthcare data for cost growth could not be corrected to a normal
distribution by use of the natural log, base 10 log, square root, reciprocal, or Box-Cox
transform. The best alternative was found using the Box-Cox transform with λ1=0.188 and
λ2=20. This transformation returned an acceptable data range (i.e., < 5.0) along with p values
greater than 0.05 for both the Chi-Square goodness-of-fit and Z-score for skewness statistics.
However, the Shapiro-Wilks W test and Z-score for kurtosis statistics both continued to
report non-normality. Nonetheless, the frequency histogram for the transformed data has a
normal appearance. As such, the adjusted data are considered near-normal and suitable for
further analysis. Refer to Figure 119 for the histograms associated with cost growth using the
Box-Cox transform.
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Before

After

Figure 119. Frequency histograms for healthcare cost growth before and after data
transformation.
The data for punchlist ratio were normalized using a reciprocal transform. Refer to
Figure 120 for the before and after frequency histograms for punchlist ratio.

Before

After

Figure 120. Frequency histograms for healthcare punchlist ratio before and after data
transformation.
Likewise, the data for RFI ratio were normalized using a natural log transform.
Interestingly, the raw RFI ratio healthcare data passed all four normality tests. However, the
range of the data was unacceptably large. The natural log transform was able to correct the
range of the data without compromising the normality results. Refer to Figure 121 for the
before and after frequency histograms for RFI ratio.
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Before

After

Figure 121. Frequency histograms for healthcare RFI before and after data transformation.
The quantitative continuous covariates (i.e., number of floors and gross area) for each
of the four dependent variables were also transformed. One missing data point for RFI ratio
and six missing data points for punchlist ratio were replaced with automated estimates when
the data were transformed. Table 69 below summarizes the descriptive and normality
statistics for the healthcare dependent variables after data transformation.
Table 69
Healthcare Dependent Variable Descriptive and Normality Statistics After Data
Transformation
Statistic
Mean
Standard deviation
Range
Range ratio
Chi Sq. goodness fita
Shapiro Wilks Wa
Z Score skewnessa
Z Score kurtosisa
Revised Count
Transformation type
Transformation notes

Cost Growth
50.24
7.10
27.5 to 68.3
2.5:1
20.0 (p=0.067)
0.91 (p=0.012)b
0.61 (p=0.541)
2.68 (p=0.007)b
30
Box-Cox
λ1=0.188; λ2=20

Sch. Growth
79.37
9.71
59.1 to 100.7
1.7:1
85.0 (p=0.000)b
0.90 (p=0.012)b
0.92 (p=0.357)
0.39 (p=0.698)
30
Box-Cox
λ1=0.455; λ2=20

RFI Ratio
1.96
0.18
1.7 to 2.4
1.4:1
11.9 (p=0.457)
0.96 (p=0.473)
0.63 (p=0.527)
-0.55 (p=0.58)
29
Natural log
n/a

Punchlist Ratio
0.11
0.05
0.01 to 0.20
20.0:1
12.9 (p=0.377)
0.98 (p=0.784)
0.08 (p=0.940)
-0.14 (p=0.89)
29
Reciprocal
n/a

Note. With the exception of punchlist ratio, the range of the data complies with the 5:1 rule of thumb (Chapman, 2011).
a
p values greater than 0.05 allow for non-rejection of the assumption that the data come from a normal distribution with
95% confidence.
b
The transformed data for cost growth and schedule growth did not pass all normality tests. However, the adjusted range,
near-normal characteristics, and visual appearance (see Figures 118 and 119) of the frequency histogram were sufficient to
consider the data near-normal and appropriate for further analysis.

Healthcare inferential statistics. The results for each of the four inferential analyses
completed on the healthcare response variables are included in this section. In lieu of
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developing 32 models (i.e., eight models for each of the four dependent variables), as done in
the full analysis, a streamlined approach was employed for the healthcare analysis.
Univariate models were not developed in the healthcare analysis because the univariate
findings from the full analysis were either (a) in agreement with the corresponding
multivariate analyses or (b) trumped in discussion by the more robust multivariate findings.
Additionally, multivariate models that included only three independent variables (BIM, IPD,
and BIM*IPD) were not developed in the healthcare analysis, because, in the full analysis,
these models were found to produce results similar to the univariate models. This was due to
the absence of control for the contribution of the covariates. Hence, three multivariate models
were developed for each dependent variable. Refer to Tables 70 through 72 for summary
statistics for each of the healthcare models developed. The Appendix contains complete
Statgraphics output reports for each of the models developed.
Table 70
Summary of Healthcare Multivariate Analyses Using All Independent Variables and
Covariates
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
30
1.39
0.273
59.8%
16.7%
2.5 to 12.0
2.03
2 ea
2.81
0 ea

Schedule Growth
30
1.45
0.248
60.8%
18.8%
2.5 to 11.8
2.40
2 ea
-2.39
0 ea

RFI Ratio
29
1.68
0.173
62.6%
25.3%
2.4 to 9.4
2.0
2 ea
2.93
0 ea

Punchlist Ratio
29
1.17
0.388
53.9%
7.7%
2.4 to 9.4
1.92
2 ea
3.08
0 ea
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Table 71
Summary of Healthcare Multivariate Analyses Using Technology Integration
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
30
1.65
0.170
53.8%
21.2%
2.1 to 5.4
1.98
2 ea
-2.59
0 ea

Schedule Growth
30
2.38
0.050
62.7%
36.3%
2.1 to 5.8
1.91
1 ea
-2.29
1 ea

RFI Ratio
29
2.08
0.086
60.9%
31.6%
2.0 to 5.9
2.22
2 ea
3.39
1 ea

Punchlist Ratio
29
1.46
0.236
52.3%
16.5%
1.9 to 3.9
1.65
2 ea
4.95
0 ea

In addition to the above noted models, one additional analysis was completed.
Delivery method, BIM in design, and BIM in construction were removed from the models
and replaced with two new variables—BIM and IPD. To test for the presence of an
interaction effect resulting from simultaneous use of the technology and strategy, an
interaction term, BIM*IPD, was also used in these models. Refer to Table 72 for a summary
of the models.
Table 72
Summary of Healthcare Multivariate Analyses Using BIM and IPD Including All Covariates
Statistic
N
F ratio
p value
R2
R2 (adj. for d.f.)
VIF Range
Durbin-Watson
# Resid. pts. > 2
Largest residual
# sig. terms

Cost growth
30
1.65
0.170
53.8%
21.2%
2.0 to 5.8
1.98
2 ea
-2.59
0 ea

Schedule Growth
30
2.38
0.050
62.7%
36.3%
2.0 to 6.3
1.91
1 ea
-2.29
2 ea

RFI Ratio
29
2.08
0.086
60.9%
31.6%
2.0 to 5.7
2.22
2 ea
3.39
1 ea

Punchlist Ratio
29
1.46
0.236
52.3%
16.5%
1.84 to 3.35
1.65
2 ea
4.95
0 ea

Statgraphics output for the twelve models summarized above is provided in
Appendices X through II. Eight of the twelve models have p values greater than 0.1 with no
significant terms, indicating the absence of a relationship between the variables. None of the
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cost growth or punchlist ratio models were significant. Hence, there is no evidence to suggest
a relationship between cost growth and punchlist ratio on healthcare projects with the use of
BIM and IPD. However, four of the models have p values less than 0.1 (i.e., schedule growth
and RFI ratio), indicating a significant relationship between the variables at the 90% CL.
These four models are explored in further detail below with a focus on discerning significant
outcome differences associated with various levels of the independent variables.
Healthcare schedule growth analysis. Analysis of the healthcare schedule growth
results follows. Multivariate ANOVA results are reported along with multiple range
comparison tests for the variables under investigation. Likewise, residual plots, means plots,
and interaction plots are presented, with discussion of the findings.
Analysis with technology integration and all covariates. The multivariate model for
healthcare schedule growth was significant at the 95% CL (p = 0.050; see Table 71). Project
setting was the only variable to have a p value less than 0.05, indicating the presence of a
statistically significant relationship to healthcare schedule growth at the 95% CL. The p value
for technology integration was 0.081, indicating significance at the 90% CL. Refer to Table
73 for a summary of the F and p values for the explanatory variables and covariates. The
Statgraphics output for this model at the 95% CL is provided in Appendix BB.
Table 73
Multivariate ANOVA Table for Healthcare Schedule Growth Using Technology Integration
and All Covariates
Independent Variable
Sum of Squares Df
Project setting
508.75
2
Site civil scope
410.69
3
Geographic region
33.48
2
Technology integration 479.38
3
Gross area
10.25
1
Number of floors
30.49
1
Residual
1021.37
17
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
254.38
136.90
16.74
159.80
10.25
30.49
60.08

F ratio
4.23
2.28
0.28
2.66
0.17
0.51

p value
0.032*
0.116
0.760
0.081**
0.685
0.486
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A multiple comparison test utilizing Fisher’s LSD procedure was performed for
technology integration. This method detects significant differences among groups of means
within each variable. Refer to Table 74 for a summary of these results. A plot of the
studentized residuals for healthcare schedule growth versus row order is featured in Figure
122.
Table 74
Multiple Range Comparisons for Healthcare Schedule Growth Using Technology Integration
Variable/Level
Count
LS Mean
10
76.64
BIM and IPD
9
76.91
BIM without IPD
2
66.71
No BIM with IPD
9
87.70
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
3.04
5.64
6.97
6.21

Homogeneous Groups
XX
X
XX
X

Figure 122. Multivariate residuals plot for healthcare schedule growth using technology
integration.
Means plots of the schedule growth versus technology integration illustrate the
information contained within Table 74. Refer to Figure 123 for a graph of the means and
95% confidence intervals for schedule growth versus technology integration.
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Figure 123. Means plot for healthcare schedule growth versus technology integration.
Healthcare projects using BIM and IPD experienced comparable levels of schedule
growth to the other possible combinations of the technology and strategy, at the 95% CL.
This finding agrees with the results of the full analysis (n = 93), which found no significant
difference between projects using BIM and IPD, and projects using other combinations of the
technology and strategy. A significant difference in schedule growth is present between
projects using BIM without IPD, and those projects using neither BIM nor IPD. This finding
suggests that the use of BIM in healthcare projects may aid in the control of schedule growth.
Analysis with BIM and IPD including all covariates. The multivariate model for
healthcare schedule growth was significant at the 95% CL (p = 0.050; see Table 72). Of the
eight independent variables considered in this multivariate model, two (project setting and
BIM*IPD) were found to have p values less than 0.05, indicating the presence of a
statistically significant relationship between the variable and schedule growth at the 95% CL.
Refer to Table 75 for a summary of the F and p values for the explanatory variables and
covariates. Refer to Appendix CC for the Statgraphics output for this model.
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Table 75
Multivariate ANOVA Table for Healthcare Schedule Growth Using BIM and IPD Including
All Covariates
Independent Variable
Sum of Squares Df
Project setting
508.75
2
Site civil scope
410.69
3
Geographic region
33.48
2
IPD
128.67
1
BIM
0.64
1
Gross area
10.25
1
Number of floors
30.49
1
BIM*IPD
374.83
1
Residual
Note: * indicates statistical significance at the 95% CL.

Mean Square
254.38
136.90
16.74
128.67
0.64
10.25
30.49
374.83

F ratio
4.23
2.28
0.28
2.14
0.01
0.17
0.51
6.24

p value
0.032*
0.116
0.760
0.162
0.919
0.685
0.486
0.023*

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 76 for a summary of the multiple range test results. A plot of the
studentized residuals for healthcare schedule growth versus row order is featured in Figure
124.
Table 76
Multiple Range Comparisons for Healthcare Schedule Growth Using BIM and IPD
Including All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

19
11

76.73
77.20

3.23
4.33

X
X

Yes
No

12
18

71.67
82.30

4.08
5.49

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.
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Figure 124. Multivariate residuals plot for healthcare schedule growth using BIM and IPD
including all covariates.
Means plots of healthcare schedule growth versus BIM and IPD illustrate the
information contained within Table 76. Refer to Figures 125 and 126 for graphs of the means
and 95% confidence intervals for healthcare schedule growth versus BIM and IPD.

Figure 125. Means plot for schedule growth versus BIM including all covariates.
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Figure 126. Means plot for healthcare schedule growth versus IPD including all covariates.
Healthcare projects using BIM experienced 0.61% less adjusted schedule growth than
projects that did not use BIM; however, this difference is not significant at the 95% CL.
What’s more, IPD healthcare projects experienced 12.9% less adjusted schedule growth than
projects completed using any of the remaining delivery methods; similarly, this difference is
not significant at the 95% CL.
This model also included an interaction term, BIM*IPD. As noted, this interaction
term was significant at the 95% CL. The interaction plot for BIM and IPD illustrates that
non-BIM healthcare projects experienced significantly lower levels of schedule growth in the
presence of IPD. The slope of the non-BIM project line suggests that presence of IPD may
have a much greater impact on non-BIM projects. However, of the 30 projects included in
the healthcare analysis, only two utilized IPD without BIM—a threat to the validity of this
finding. Refer to Figure 66 for the interaction plot for schedule growth versus BIM and IPD.
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Figure 127. Interaction plot for healthcare schedule growth versus BIM and IPD including all
covariates.
Discussion. As noted above, the full analysis (n = 93) and the healthcare subset
analysis correspond with respect to the relationship between the use of the technology and
strategy with project performance: No significant difference in schedule growth was found
between projects using BIM and IPD and those using other possible combinations of the
technology and strategy. Projects that utilized neither BIM nor IPD experienced the largest
amount of adjusted schedule growth; the difference is not significant at the 95% CL. The
significant result for the interaction term, BIM*IPD, is not reliable, as it is based on only two
data points. As such, the full analysis should be deferred to for conclusions regarding the
interaction of the technology and strategy. Also in line with the full analysis, project setting
was found to have a much greater impact on overall schedule growth than the use of either or
both the technology and strategy.
Healthcare RFI ratio analysis. Analysis of the healthcare RFI ratio results follows.
Multivariate ANOVA results are reported along with multiple range comparison tests for the
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variables under investigation. Likewise, residual plots, means plots, and interaction plots are
presented, with discussion of the findings.
Analysis with technology integration and all covariates. The multivariate model for
healthcare RFI ratio was significant at the 90% CL (p = 0.086; see Table 71). Of the six
variables considered in this multivariate model, only one—project setting—was found to
have a p values less than 0.05, indicating the presence of a statistically significant
relationship between the variable and RFI ratio at the 95% CL. The p values for the five
remaining variables—site civil scope, geographic region, technology integration, number of
floors, and gross area—were greater than 0.05, indicating the absence of statistically
significant relationship to RFI ratio at the 95% CL. Refer to Table 77 for a summary of the F
and p values for the explanatory variables and covariates. The Statgraphics output for this
model at the 95% CL is provided in Appendix EE.
Table 77
Multivariate ANOVA Table for Healthcare RFI Ratio Using Technology Integration and All
Covariates
Independent Variable
Sum of Squares Df
Project setting
0.21
2
Site civil scope
0.05
3
Geographic region
0.05
2
Technology integration 0.08
3
Gross area
0.02
1
Number of floors
0.01
1
Residual
0.37
16
Note: * indicates statistical significance at the 95% CL.

Mean Square
0.10
0.02
0.03
0.03
0.02
0.01
0.02

F ratio
4.47
0.72
1.17
1.08
0.98
0.27

p value
0.028*
0.552
0.335
0.385
0.336
0.611

A multiple comparison test utilizing Fisher’s LSD procedure was performed for
technology integration. This method detects significant differences among groups of means
within each variable. Refer to Table 78 for a summary of these results. A studentized
residuals plot for healthcare RFI versus row order is featured in Figure 128.
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Table 78
Multiple Range Comparisons for Healthcare RFI Ratio Using Technology Integration
Variable/Level
Count
LS Mean
10
1.89
BIM and IPD
9
2.03
BIM without IPD
2
1.77
No BIM with IPD
8
2.10
Neither BIM nor IPD
Note: * indicates statistical significance at the 95% CL.

LS Sigma
0.06
0.10
0.14
0.12

Homogeneous Groups
X
X
X
X

Figure 128. Multivariate residuals plot for healthcare RFI ratio using technology integration.
Means plots of the RFI ratio versus technology integration illustrate the information
contained within Table 78. Refer to Figure 129 for a graph of the means and 95% confidence
intervals for healthcare RFI ratio versus technology integration.
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Figure 129. Means plot for RFI ratio versus technology integration.
Projects using both BIM and IPD experienced comparable levels of healthcare RFI
ratio when compared to the other possible combinations of the technology and strategy, at the
95% CL. This result agrees with the full analysis, which found no significant difference in
RFI ratio between projects using BIM and IPD and those projects using other possible
combinations of the technology and strategy.
Analysis with BIM and IPD including all covariates. The multivariate model for
healthcare RFI ratio was significant at the 90% CL (p = 0.086; see Table 72). Of the eight
independent variables considered in this multivariate model, only project setting was found
to have a p values less than 0.05, indicating the presence of a statistically significant
relationship between the variable and RFI ratio at the 95% CL. The p values for the seven
remaining variables—site civil scope, geographic region, BIM, IPD, BIM*IPD, gross area,
and number of floors—were greater than 0.05, indicating the absence of statistically
significant relationship. Of note: The p value for IPD is 0.098, indicating significance at the
90% CL. Refer to Table 79 for a summary of the F and p values for the explanatory variables
and covariates. The Statgraphics output for this model at the 95% CL is provided in
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Appendix FF. The Statgraphics output for this model at the 90% CL is provided in Appendix
JJ.
Table 79
Multivariate ANOVA Table for Healthcare RFI Ratio Using BIM and IPD Including All
Covariates
Independent Variable
Sum of Squares Df
Project setting
0.21
2
Site civil scope
0.05
3
Geographic region
0.05
2
IPD
0.07
1
BIM
0.00
1
Gross area
0.02
1
Number of floors
0.01
1
BIM*IPD
0.03
1
Residual
0.37
16
Note: * indicates statistical significance at the 95% CL.
** indicates statistical significance at the 90% CL.

Mean Square
0.10
0.02
0.03
0.07
0.00
0.02
0.01
0.03
0.02

F ratio
4.47
0.72
1.17
3.08
0.10
0.98
0.27
1.48

p value
0.028*
0.552
0.335
0.098**
0.752
0.336
0.611
0.241

A multiple comparison test utilizing Fisher’s LSD procedure was performed for BIM
and IPD. This method detects significant differences among groups of means within each
variable. Refer to Table 80 for a summary of the multiple range test results. A plot of the
studentized residuals for healthcare RFI ratio versus row order is featured in Figure 85.
Table 80
Multiple Range Comparisons for RFI Ratio Using BIM and IPD Including All Covariates
Variable/Level

Count

LS Mean

LS Sigma

Homogeneous Groups

Yes
No

19
10

1.96
1.93

0.06
0.08

X
X

Yes
No

12
17

1.83
2.07

0.08
0.10

X
X

BIM

IPD

Note: * indicates statistical significance at the 95% CL.
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Figure 130. Multivariate residuals plot for healthcare RFI ratio using BIM and IPD including
all covariates.
Means plots of healthcare RFI ratio versus BIM and IPD illustrate the information
contained within Table 80. Refer to Figures 131 and 132 for graphs of the means and 95%
confidence intervals for healthcare RFI ratio versus BIM and IPD.

Figure 131. Means plot for healthcare RFI ratio versus BIM including all covariates.
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Figure 132. Means plot for healthcare RFI ratio versus IPD including all covariates.
Projects using BIM experienced slightly higher levels of adjusted RFI ratio than
projects that did not use BIM; however, the difference is not significant at the 95% CL.
What’s more, healthcare IPD projects experienced lower levels of adjusted RFI ratio than
projects completed using any of the remaining delivery methods; similarly, the difference is
not significant at the 95% CL but is significant at the 90% CL.
This model also included an interaction term, BIM*IPD. The interaction plot for BIM
and IPD illustrates that both BIM and non-BIM projects experience lower levels of RFI ratio
in the presence of IPD. As noted above, the interaction term is not significant at the 95% CL.
Refer to Figure 133 for the interaction plot for healthcare RFI ratio versus BIM and IPD.
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Figure 133. Interaction plot for RFI ratio versus BIM and IPD including all covariates.
Discussion. As noted above, the full analysis (n = 93) and the healthcare subset
analysis correspond with respect to the relationship between the use of the technology and
strategy with project performance: No significant difference in RFI ratio was found between
projects using BIM and IPD and those using other possible combinations of the technology
and strategy at the 95% CL. Projects that utilized neither BIM nor IPD experienced the
largest amount of adjusted RFI ratio; but the difference is not significant at the 95% CL.
Interestingly, projects using IPD experienced significantly lower levels of RFI ratio at the
90% CL. In line with the full analysis, project setting was found to have a much greater
impact on RFI ratio than the use of either or both the technology and strategy.
As noted in the full analysis, these findings are contrary to the literature, which
suggests that the use of both BIM and IPD should improve the quality of design and therefore
reduce the number of RFI, especially on complicated projects, such as those found in the
healthcare sector.
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Recapitulation
Of the 32 models developed with the full data set, BIM- and IPD-related variables
were significant in only seven. Of those seven models, five were univariate models, which
did not control for the contribution of the other independent variables nor the covariates. As
previously discussed, the importance of these results has been discounted. The two remaining
multivariate models featured only three independent variables—BIM, IPD, and BIM*IPD.
Similar to the univariate models, these models did not control for the contribution of the
covariates, several of which were shown to be significant in other models. Refer to Table 81
for a summary of the BIM- and IPD-related findings for the full data set.
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Table 81
Summary of Quantitative Analyses for Full Data Set at 95% CL
Dependent Variable &
Descriptor
Cost Growth
Delivery method
BIM in design
BIM in const.
Tech. integr.
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
BIM, IPD, no covar.
Schedule Growth
Delivery method
BIM in design
BIM in const.
Tech. integr.
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
BIM, IPD, no covar.
RFI Ratio
Delivery method
BIM in design
BIM in const.
Tech. integr.
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
BIM, IPD, no covar.
Punchlist Ratio
Delivery method
BIM in design
BIM in const.
Tech. integr.
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
BIM, IPD, no covar.

Model Type

Model p
value at

Significant BIM
& IPD variables

Findings regarding BIM and IPD

Univariate
Univariate
Univariate
Univariate
Multivariate
Multivariate
Multivariate
Multivariate

0.063
0.001
0.000
0.000
0.000
0.000
0.000
0.000

Delivery method
BIM in design
BIM in const.
Tech. integr.
None
None
None
BIM

IPD < CM Cost + and D-B-B
BIM in design < no BIM in design
BIM in const. < no BIM in const.
BIM and IPD < no BIM and no IPD
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM < no BIM

Univariate
Univariate
Univariate
Univariate
Multivariate
Multivariate
Multivariate
Multivariate

0.039
0.332
0.840
0.194
0.044
0.064
0.071
0.236

Delivery method
None
None
None
None
None
None
IPD

IPD < CM GMP and D-B-B
BIM in design insignificant
BIM in const. insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
IPD < no IPD

Univariate
Univariate
Univariate
Univariate
Multivariate
Multivariate
Multivariate
Multivariate

0.620
0.340
0.560
0.600
0.000
0.000
0.000
0.589

None
None
None
None
None
None
None
None

Delivery method insignificant
BIM in design insignificant
BIM in const. insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant

Univariate
Univariate
Univariate
Univariate
Multivariate
Multivariate
Multivariate
Multivariate

0.310
0.860
0.780
0.770
0.123
0.033
0.033
0.896

None
None
None
None
None
None
None
None

Delivery method insignificant
BIM in design insignificant
BIM in const. insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant

The results for the healthcare subset were similar. Of the 12 models developed, only
one exhibited significant BIM- and IPD-related variables. The schedule growth model using
BIM, IPD, and all covariates was significant at the 95% CL (p = 0.050), and the interaction
term, BIM*IPD, was significant (p = 0.023). However, as previously discussed, only two
projects of the 30 in the healthcare subset were completed using IPD without BIM—the
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significant technology interaction—calling into question the validity of the finding. Refer to
Table 82 for a summary of the BIM- and IPD-related findings for the healthcare data subset.
Table 82
Summary of Quantitative Analyses for Healthcare Data Set at 95% CL
Dependent Variable &
Descriptor
Cost Growth
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
Schedule Growth
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
RFI Ratio
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
Punchlist Ratio
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.

Model Type

Model p
value at

Significant BIM
& IPD variables

Findings regarding BIM and IPD

Multivariate
Multivariate
Multivariate

0.273
0.170
0.170

None
None
None

BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant

Multivariate
Multivariate
Multivariate

0.248
0.050
0.050

None
None
BIM*IPD

BIM and IPD insignificant
BIM and IPD insignificant
IPD < non-IPD for non-BIM proj.

Multivariate
Multivariate
Multivariate

0.173
0.086
0.086

None
None
None

BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant

Multivariate
Multivariate
Multivariate

0.388
0.236
0.236

None
None
None

BIM and IPD insignificant
BIM and IPD insignificant
BIM and IPD insignificant

When reviewed at the less stringent 90% CL, the results more closely coordinate with
the qualitative literature as well as the univariate results. For example, IPD projects were
found to experience lower levels of cost growth, schedule growth, and RFI ratio. Refer to
Table 83 for significant findings for BIM- and IPD-related variables at the 90% CL.
Table 83
Select Findings for BIM- and IPD-Related Variables at 90% CL
Dependent Variable &
Descriptor
Cost Growth
All var. & covar.
Tech. integr., covar.
BIM, IPD, & covar.
Schedule Growth
All var. & covar.
“
Healthcare RFI Ratio
BIM, IPD, & covar.

Model Type

Model p
value at

Significant BIM
& IPD variables

Findings regarding BIM and IPD

Multivariate
Multivariate
Multivariate

0.000
0.000
0.000

Delivery method
Tech. integr.
IPD

IPD < CM GMP and D-B-B
IPD, BIM, or IPD+BIM < none
IPD < no IPD

Multivariate
“

0.044
“

Delivery Method
BIM in const.

IPD, D-B < D-B-B
No BIM in const. < BIM in const.

Multivariate

0.086

IPD

IPD < no IPD
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Summary of Key Findings
Key findings from the seven hypothesis tests and four dependent variable analyses are
summarized below in two categories: primary and secondary findings.
Primary findings. When analyzed in a multivariate context, controlling for the
contribution of the other independent variables and covariates, at the 95% CL:
•

Projects that utilized BIM in design were not found to experience significant levels of
cost growth when compared to projects that did not use the technology;

•

Projects that utilized BIM in design were not found to experience significant levels of
schedule growth when compared to projects that did not use the technology;

•

Projects that utilized BIM in construction were not found to experience significant
levels of cost growth when compared to projects that did not use the technology;

•

Projects that utilized BIM in construction were not found to experience significant
levels of schedule growth when compared to projects that did not use the technology;

•

Projects that utilized IPD were not found to experience significant levels of schedule
growth when compared to projects that did not use the technology; and

•

Many of the identified covariates (see Table 1) were found to exhibit significant
relationships to the four dependent variables (i.e., cost growth, schedule growth, RFI
ratio, and punchlist ratio). The multivariate analyses did not find BIM use (in design
or construction) or delivery method (i.e., IPD use) to be significant explanatory
variables.
Secondary findings. The additional findings below are based on evaluation at the

90% CL in lieu of the 95% CL. Again, when analyzed in a multivariate context, controlling
for the contribution of the other independent variables and covariates:
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•

IPD projects experienced significantly less cost growth than projects executed using
either the CM GMP or D-B-B delivery methods—a finding that is consistent with the
pilot results;

•

Projects using either BIM, or IPD, or both BIM and IPD experienced significantly
lower levels of cost growth than projects using neither the technology nor the
strategy;

•

IPD projects experienced significantly lower levels of cost growth than non-IPD
projects;

•

Also consistent with the pilot results, IPD and D-B projects experienced significantly
less schedule growth than projects executed using the D-B-B delivery method;

•

Projects that utilized BIM in construction experienced significantly higher levels of
schedule growth than projects that did not use the technology—this finding is also
consistent with the pilot results; and

•

IPD healthcare projects experienced lower levels of adjusted RFI ratio than other
healthcare projects completed using traditional delivery methods.

Conclusion
The results of the data collection and analysis work were presented in this chapter.
The data were characterized, and basic demographic information summarized. Descriptive
and normality statistics were calculated for the dependent variables. These included the
mean, median, standard deviation, goodness of fit, skewness, and kurtosis. Inferential
statistics were used to conduct hypothesis testing. Discussion of the results for each
dependent variable was presented along with a summary of key findings. Chapter 5 includes
the practical and theoretical implications of these findings, along with the demonstration of
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technology and final concluding thoughts on the study. Additionally, this section makes use
of the research findings to develop a cohesive set of actionable recommendations for
academicians and practitioners alike.
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Chapter 5: Summary, Implications, and Recommendations
Introduction
This chapter includes a brief summary of the investigation, triangulation of the
results, discussion of the theoretical and practical implications of the findings, demonstration
of technology, contribution to knowledge, and recommendations for further study.
Summary
The purpose of this dissertation is to better understand the relationships of project
performance with the use of the BIM and IPD. The literature review identified discrepancies
among the qualitative and quantitative studies concerning the relationships of the key project
performance measures with the use of the technology and strategy. The qualitative and casebased research has reported significant benefits associated with the technology, while the
quantitative outcome-based research has reported inconsistent results. The study is grounded
in structuration theory, which posits that diverse outcomes may result from organizational
change brought about by the introduction of new technologies. A descriptive-cumquantitative research methodology, featuring both causal comparative and four-group
factorial research designs, was used to investigate seven hypotheses. The results were
discussed in light of the previous studies, and key findings presented.
At the 95% CL, when controlling for the contribution of the other independent
variables and covariates, significant differences in cost growth, schedule growth, RFI ratio,
and punch list ratio were not found between various use combinations of the technology and
strategy. Additionally, three of the six identified covariates (e.g., project type, project setting,
and site civil scope) were found to have significant relationships to two or more of the
dependent variables. Of particular note, project setting (i.e., urban, suburban, or rural) was
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found to be a significant explanatory variable to all four dependent variables. However, at the
less stringent 90% CL, IPD projects were found to experience significantly less cost and
schedule growth than several of other project delivery methods. Additionally, and also at the
90% CL, projects using BIM in construction were found to experience significantly higher
levels of schedule growth than projects that did not use the technology. Lastly, a reduction in
RFI ratio was found in healthcare projects completed using IPD.
Triangulation
A triangulation of the research findings with the findings from the literature review
follows. Separate discussion is provided for BIM and IPD, as well as combination of BIM
and IPD.
BIM. A discrepancy exists between the qualitative and quantitative literature
concerning the relationship between BIM use and project performance. Gallaher et al. (2004)
noted that interoperability is a key benefit of BIM, and implied that BIM use should lead to
improved project performance measures. Likewise, Sacks et al. (2010) proposed that the
combination of BIM and IPD might optimize construction outcomes (p. 969). Moreover,
survey results reported by Zuppa et al. (2009) found that BIM was perceived to have a
positive impact on construction cost, quality, and schedule. On the quantitative side, Barlish
and Sullivan (2012) reported RFI reductions, shorter schedule durations, and fewer change
orders associated with BIM use. Moreover, Chelson (2010) identified a reduction in RFI
quantity associated with BIM implementation. Giel et al. (2010) noted a general reduction in
RFI, change orders, and schedule delays associated with BIM use, while Parvan (2012)
projected a 16% schedule improvement and 4% cost improvement associated with BIM use.
However, Suermann’s (2009) quantitative analysis of the impact of BIM on project
performance did not corroborate the overwhelming positive feedback received via survey
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questionnaire from the industry practitioners. Moreover, Dossick and Neff (2010) concluded
that organizational segregation hampered the potential of BIM to improve project
performance through technological pairing (p. 459). Lastly, the pilot study results (Kelly &
Ilozor, 2013) found mixed results with respect to the impact of the technology on cost and
schedule growth.
The results of this study do not agree with the qualitative and case study literature, as
the BIM-related variables were not significant in the multivariate models. Possible
explanations for this discrepancy include the following:
•

The cost and time commitments required to implement BIM use on projects (e.g.,
computers, servers, accessories, staff time, and training) may somehow instigate
delays and cost increases, offsetting labor and material savings in a manner not yet
fully understood or documented within the literature;

•

A costly learning-curve effect—again prompting delays and cost growth—may be
present, as BIM is not yet widely understood and utilized by a majority of
contractors; and

•

The prior qualitative work, with respect to BIM performance outcomes, may be
inaccurate; specifically, survey respondents and case study participants may have
been unable to accurately identify the key contributing variables leading to project
outcomes (i.e., people don’t think in complex multivariate terms) and erroneously
concluded that BIM was significant. Suermann (2009) found a similar disconnect
between the qualitative and quantitative results associated with BIM use.
In agreement with the pilot study results, BIM use in construction was associated with

higher levels of schedule growth at the 90% CL—a finding that is completely at odds with
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the qualitative literature. Furthermore, the balance of the multivariate analyses did not find
that BIM use in design or construction was a significant factor related to any of the remaining
dependent variables. Refer to Figure 134 for the BIM triangulation at 95% CL and 90% CL.

Figure 134. BIM triangulation at 95% CL and 90% CL.
IPD. There exists a perception among industry participants that IPD may improve
cost, schedule, and quality outcomes (Brennan, 2011); accordingly, the goal of IPD is
improved value for the customer by way of lower cost, quicker schedules, and increased
quality outcomes (AIA, 2007; NASFA et al., 2010). However, the results of previous
outcome-based studies (Cho & Ballard, 2011; El Asmar, 2012; Kelly & Ilozor, 2013) showed
mixed results. For example, the results of the pilot study (Kelly & Ilozor, 2013) indicated
significant differences in cost growth between the various delivery methods, with IPD
projects having the least amount of cost growth; however, both Cho and Ballard (2011) and
El Asmar (2012) did not find significant differences in cost or schedule growth between IPD
projects and those using traditional delivery methods. Nevertheless, El Asmar (2012) did find
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that IPD projects had significantly fewer punchlist and RFI items per million dollars of
construction cost.
The multivariate results do not show a significant difference in any of the
performance measures associated with IPD-related variables at the 95% CL. Similar to the
BIM results, the qualitative work does not agree with the quantitative findings. Possible
explanations for this discrepancy include the following:
•

The number of IPD projects included in the data set (19) may be insufficient to
adequately represent the overall performance of the delivery method;

•

A maturation effect may be in place, wherein project participants have not yet learned
exactly how to extract full value from the process;

•

Cultural barriers to change are too great, thus preventing participant behavior from
being appreciably altered in a way that delivers the improved outcomes suggested in
the qualitative literature; and

•

Prior qualitative work on IPD may be inaccurate; that is, IPD may not deliver
superior results.
Of note, at the 90% CL, IPD projects did experience significantly less cost growth

than projects using the CM GMP and D-B-B delivery methods. Additionally, when
regrouped, and again at the 90% CL, IPD projects experienced lower levels of cost growth
than non-IPD projects executed under traditional delivery methods. In addition, projects
using IPD did not experience significant levels of RFI ratio or punchlist ratio—a finding that
is at odds with the qualitative literature and El Asmar’s (2012) quantitative findings. Refer to
Figure 135 for the IPD triangulation at 95% CL and at 90% CL.
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Figure 135. IPD triangulation at 95% CL and 90% CL.
BIM and IPD. It is widely held in the literature that the combination of BIM and IPD
should lead to improved project performance outcomes (AIA, 2007; Becerik-Gerber &
Kensek, 2010; Dossick & Neff, 2010; El-adaway, 2010; El Asmar, 2012; Froese, 2010; Kent
& Becerik-Gerber, 2010; Koskela et al., 2010; Lancaster & Tobin, 2010; Popov et al., 2010;
Sacks et al., 2010; and Succar, 2009). The results of this study indicate that the BIM and IPD
project performance was unremarkable. With the exception of a significant difference in cost
growth (at the 90% CL) between BIM and IPD projects and those projects completed using
neither the technology nor the strategy, no significant outcomes were found. The results of
this study do not agree with the prior literature. The BIM- and IPD-related variables (e.g.,
technology integration and BIM*IPD) were not significant in the multivariate models at the
95% CL. Possible explanations for this discrepancy are similar to those noted above,
individually, for BIM and IPD. Refer to Figure 136 for the BIM and IPD triangulation at
95% CL and at the 90% CL.

224

Figure 136. BIM and IPD triangulation at 95% CL and 90% CL.
Synopsis. The relatively low R-squared values for the univariate and multivariate
models indicate that the variables and covariates under examination explain, at most,
approximately 55% of the variability in the four dependent factors. What’s more, neither
BIM use (in design or construction) nor delivery method (i.e., use of IPD) are significant
factors in any of the multivariate models, suggesting that the impact of the technology and
strategy is not large enough to sway overall project performance as measured by the
dependent variables. Divergent findings between this study and the literature are not entirely
unexpected, as this study is the largest rigorous quantitative analysis of BIM and IPD project
performance conducted to date and the only study that has examined BIM and IPD together
in a four-group factorial arrangement. Moreover, to date, this is the largest study that has
analyzed BIM and IPD in a multivariate context that controls for the contribution of variables
not related to BIM and IPD use. As noted above, several of these covariates exhibited
significant relationships to project performance, while BIM- and IPD-related variables did
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not. Lastly, it is the first study to decompose BIM use into two separate variables: BIM in
construction and BIM in design.
Other unmeasured factors (e.g., complexity of design, interpersonal and cultural
dynamics, language barriers, maturation, project management experience, use of designassist, and payment terms) may significantly affect project performance more so than the
presence or absence of BIM and IPD. Put differently, BIM and IPD may both positively
affect cost growth, schedule growth, RFI ratio, and punchlist ratio as reported by the
qualitative literature (and occasionally found in the quantitative studies), but the impact may
not be readily measurable on a project-wide basis, as attempted in this study. It may be
possible that the impact is only discernible through a finer lens on a smaller scale; that is, by
examination of performance measures on a trade-by-trade (e.g., steel, plumbing, HVAC, and
electrical) basis or other pertinent subgrouping. Future studies may address this line of
inquiry.
Theoretical Implications
Figure 5 (Chapter 1) illustrates the application of structuration theory to BIM and IPD
in the commercial construction industry. New technology and strategy (i.e., BIM and IPD)
are situated as radical external events that have the potential to alter participant scripts. These
altered scripts are then thought to spur organizational change that brings about varied system
outcomes. The purpose of this study is to better understand the relationships between project
performance measures and the implementation of BIM and IPD. On a theoretical level, the
study seeks to understand the extent to which the introduction of BIM and IPD represents
script-altering strategic changes that lead to significant project outcomes.
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Following Barley (1986) and Giddens (1979), technology should be thought of as a
social object, not a physical artifact; likewise, structure is to be envisioned as a process.
Variants of this theoretical notion appear in the BIM and IPD literature on multiple
occasions. For example, (1) Froese (2010) envisioned BIM as a impetus for team
collaboration; (2) Succar (2009) proposed that BIM represents a fusion of processes, policies,
and technologies; and (3) the MacLeamy curve (Figure 2; CURT, 2004) visualized altered
organizational protocols brought about by the forward shift of design work, enabled through
the use BIM and IPD. In all three examples, the social and organizational impact of the
technology is the focus of the discussion as opposed to any specific operational attribute of
the technology and strategy.
In a similar way, Barley (1986) found that varying results could be brought about
from comparable technological deployments and organizational changes. Likewise,
DeSanctis and Poole (1994) wrote that the outcomes associated with technology deployments
are significantly influenced by the nature of the technology use, a finding that serves as a
theoretical rationalization of disparate outcomes. Moreover, Orlikowski’s structurational
model of technology noted that actor-led development could be restrained by culturally
reified protocols. That is, humans produce technology, but technology then mediates human
action—more so when institutional constraints (e.g., policy, procedure, and cultural norms)
come to bear on the actor’s use of the technology. The key findings are now reconciled
against this theoretical backdrop.
Reconciliation. From a theoretical perspective, the following possible explanations
are offered in support of the results:
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•

Project participants may have used the technology and strategy in different ways
leading to inconsistent outcomes. For example, some project teams may have been
able to (re)organize their workflows around the technology and strategy—and
subsequently experience significant outcomes—while others (for a variety of reasons)
have not.

•

Cultural and organizational constraints (see Dossick & Neff, 2010) may have
suppressed the potential impact of the technology and strategy. For example, the
absence of significant outcomes in the RFI or punchlist ratios suggests that project
participants may not be taking full advantage of the technology. That is, participants
on projects using BIM and IPD may be following outdated (and culturally embedded)
scripts and action patterns that preclude attainment of higher (more efficient) levels of
project performance.

•

Existing organizational and industry practice hurdles may be too great. The types of
behavioral change required for efficacy with BIM and IPD use may be too radical for
a majority of participants.

•

BIM and IPD use may, as suggested by the qualitative literature, trigger altered
scripts that bring about changes in participant behavior; however, the outcomes
associated with those altered scripts are insignificant when measured on a projectwide basis. Furthermore, project participants may have self-reported the perceived
benefits of the technology and strategy, as reported in the qualitative literature, but
these benefits were not discernible on a project-wide scale at commonly accepted
CLs.
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•

BIM and IPD may not be significant external events that trigger altered scripts
hastening change in the design and construction processes. Perhaps successful BIM
and IPD implementations have been disproportionally published in the literature,
leading to a misunderstanding among academicians and practitioners regarding the
efficacy of the technology and strategy. This tack also partially explains the
previously discussed discrepancy between the qualitative and quantitative literature.

Practical Implications and Recommendations
Most industry practitioners (author included) whose responsibilities include the
management of either design or construction activities may be inclined to seriously consider
technology and strategy recommendations derived from findings at the 90% CL. Therefore,
for the purposes of this section only, significance at the 90% CL is considered suitable for the
development of actionable recommendations for industry.
Improved cost growth outcomes are associated with the use of BIM in both design
and construction. Moreover, projects using either BIM, or IPD, or both BIM and IPD,
experienced significantly lower levels of cost growth than projects using neither the
technology nor the strategy. However, this recommendation must be squared with the finding
that projects utilizing BIM in construction were found to experience significantly higher
levels of schedule growth than projects that did not use the technology. The literature does
contain confirming anecdotal evidence of this situation (Post, 2011). In response, it is thought
that adequate training for construction personnel is a critical step (Jung & Joo, 2012). That is,
in order to unlock the potential of BIM in construction, as noted in the qualitative literature,
construction project managers, engineers, and superintendents must become as adept in the
navigation of BIM models as they are in the interpretation of conventional 2D drawings.
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Failure to develop these skills in a company’s workforce may expose that firm, or their
customers, to the risk of somehow triggering unwanted schedule growth brought about by the
staff’s lack of skill with the technology. What’s more, it is further recommended that BIM
should not be used in construction if the management staff responsible for the project is
unfamiliar with the proper use of the technology, has not been properly trained, or will not be
supported during construction by those with BIM expertise. In short, the absence of BIM in
construction may produce better schedule growth outcomes than inadequate or amateurish
BIM in construction efforts.
IPD projects experienced less cost growth than non-IPD projects. However, when
each project delivery method was analyzed individually, IPD cost growth was significant
when compared only to CM GMP and D-B-B. This finding suggests that the contractual risk
transfer and potentially adversarial nature of the traditional at-risk delivery methods (i.e., CM
GMP and D-B-B) may somehow promulgate cost growth in ways not experienced in IPD.
The D-B and CM Cost + delivery methods did not experience levels of cost growth
significantly different from either IPD or the at-risk delivery methods (i.e., CM GMP and DB-B). Therefore, the use of IPD is recommended over CM GMP and D-B-B with respect to
reducing cost growth.
Similarly, IPD and D-B projects experienced significantly less schedule growth than
projects executed using the D-B-B delivery method. Schedule growth levels for CM GMP
and CM Cost+ were comparable to both groups. This finding suggests that the close
coordination between designers and builders that is common in both IPD and D-B, and
generally absent in D-B-B, may be successful in reducing schedule growth. Therefore, the
use of IPD is also recommended over D-B-B with respect to reducing schedule growth.
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With the exception of the healthcare analysis, none of the analyses indicated
significant differences in RFI ratio or punchlist ratio associated with BIM use or delivery
method. This finding suggests that neither design nor construction quality may be affected by
the use of the technology and strategy. While contrary to the general themes present in the
literature, this finding is not entirely surprising in the case of IPD. In the author’s experience,
many construction punchlist items are associated with the finish trades (e.g., gypsum wall
board, ceiling construction, paint, flooring, cabinetry, doors, and hardware). With the
exception of the metal stud and drywall work, these finish subcontractors are generally not
bound to the multi-party agreement under an IPD arrangement; hence, they may produce
outcomes typical of a subcontractor operating under a traditional non-integrated subcontract.
The IPD core team is generally limited to the owners, architects, engineers, prime
contractors, and large key trade subcontractors (e.g., steel, glass, drywall, mechanical, and
electrical). Therefore, even though the overall project may be executed under an IPD
arrangement, the majority of the subcontractors that produce the finished product, subject to
quality evaluation in the punchlist phase, are not part of the IPD core team. As such, it should
not be anticipated that their behaviors would be any different on IPD projects than projects
executed with other delivery methods. Because of this, there is no recommendation for
practitioners with respect to delivery method selection and corresponding construction
quality; all five methods appear to produce the same relative number of punchlist items.
The RFI ratio finding is surprising. Again, in the author’s experience, many RFI are
generated by the trade subcontractors that are party to the IPD agreement. The literature
suggests that the close coordination required by IPD should result in enhanced coordination
and fewer RFI as a result. However, this situation was not found, as all five delivery methods
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produced comparable levels of RFI, with the exception of the healthcare subset analysis. It
may be that the design is made more efficient (or constructible) through the IPD process (i.e.,
early contractor involvement and design assist), which helps to reduce cost and schedule
growth as noted above, but these early coordination efforts do not translate into tangible
improvement of the design documents from a quantitative defect standpoint, as measured by
the RFI ratio. An alternative explanation is also provided in the so-called confirming RFI—
an RFI that is generated by the team for record purposes after the issue has been resolved in a
collaborative manner. Since the use of confirming RFI does not reduce the RFI count,
improvements in the RFI process (i.e., turnaround time and quality of responses) brought
about by BIM and IPD may be unmeasured in this study. In light of the healthcare subset
analysis results, and in recognition of confirming RFI use in practice, IPD is recommended
over the traditional delivery methods with regard to improving design quality and reducing
the relative number of RFI items.
Demonstration of Technology
A demonstration of BIM technology is included below. Figures 47-49 feature
excerpts of design drawings from a recently completed data center renovation project. The
design documents for this project were prepared using 2D CAD software; BIM in design was
not used. The architectural design documents were then converted by the participating
construction contractor using Revit—a 3D BIM modeling software package. Likewise, the
mechanical and electrical subcontractors modeled their work (i.e., piping and electrical
conduits) using various trade-specific modeling tools. Navisworks was then used by the
contractors to test for spatial conflicts between the assorted models and for integrated
viewing of the planned installation.
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The chilled water supply and return piping serving the computer room air
conditioning (CRAC) units is shown to be installed below an 18” high raised floor. The 18”
raised floor is supported on steel pedestals, which are placed at 2’0” on center in both
directions. Additionally, electrical feeders serving the CRAC units and the power distribution
units (PDU) are also planned to be placed below the raised floor system. The under floor
cavity is specified as a supply air plenum; that is, the CRAC units discharge conditioned air
downward into the floor cavity. The conditioned air is then supplied to the data hall space
through slotted raised floor panels placed in designated locations on the raised floor. As such,
under-floor smoke detectors and associated small diameter electrical conduits are required to
be run in the floor cavity as well. Moreover, a leak detection system is specified, requiring
sensors to be placed in various locations under the floor. Lastly, the pedestals supporting the
raised floor are called to be electrically grounded, requiring the installation of a grounding
wire to a sampling of the floor pedestals. As noted, the design drawings were prepared in 2D;
therefore, the contractors must refer to a number of different drawings, specifications, and
key notes to discern the full scope of work included. Refer to Figures 47 through 49 for
excerpts of a few of the pertinent design drawings.

Figure 137. Excerpt of the under-floor chilled water piping design drawing (Integrated
Design Solutions, 2012a).
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Leak detection cabling (typ.)

.
Figure 138. Excerpt of the under-floor leak detection system design drawing (Integrated
Design Solutions, 2012b).

Power feeds (homeruns) for
the CRAC units(typ.)

Figure 139. Excerpt of the electrical power plan (Integrated Design Solutions, 2012c).
The mechanical plans indicate the under-floor piping only, while the electrical power
plans show the power feed to the CRAC units, and the fire suppression drawing indicates the
leak detection cabling. A significant spatial coordination effort is required by the contractors
prior to installation of the systems. The design drawings indicate only the general location of
the piping, conduits, CRAC units, and leak detection. It is the contractors’ responsibility to
determine the final coordinated location and elevation of each of these components relative
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to the basic dimensional information provided on the architectural plans along with the
dimensional constraints of each system and piece of equipment.
Prior to BIM technology, this result was generally accomplished through the use of
2D coordination drawings (i.e., shop drawings) prepared by each subcontractor. An iterative
review process, usually involving a light table, was used to manually check for conflicts
between the mechanical, electrical, architectural, and structural trades. When BIM in
construction is used, each party prepares a 3D model of his or her own work, and these trade
models are then evaluated using software, such as Navisworks, to check for spatial conflicts
between the disciplines. In addition to clash detection, Navisworks also allows for the
viewing of all the models in an integrated manner. Refer to Figure 140 for an excerpt of the
integrated 3D BIM in construction model of the project indicating many of the systems noted
above.

Floor pedestals in GREY
(typ.)

Chilled water piping in
GREEN (typ.)

CRAC units (typ.)
Electrical power feeds to
CRAC and PDU in RED
(typ.)

Figure 140. Excerpt of integrated BIM model of the under-floor work shown in Figures 137139 (Participating construction contractor, 2012a).
As noted in the key findings (see Chapter 4), projects using BIM in construction were
not found to experience significant levels of any of the four dependent variables at 95%
confidence. However, at the 90% CL, projects using BIM in construction were found to
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experience significantly higher levels of schedule growth. This demonstration of technology
makes clear, by visual example, the level of effort and expertise required to develop a precise
spatially coordinated 3D model of the various building systems from uncoordinated 2D
design drawings. Possible explanations for the higher levels of schedule growth associated
with BIM use in construction at the 90% CL include the following:
•

3D BIM in construction trade coordination may take longer than conventional 2D
coordination, in part because the 2D plans must first be reproduced in 3D;

•

Those responsible for developing project schedules may generally underestimate the
time required to complete the BIM in construction process;

•

Maturation, cultural, and contractual issues (see Dossick & Neff, 2010); and

•

BIM use in construction may instigate schedule delays in ways not yet fully
documented in the literature.
The qualitative literature suggests that effort expended in the development of BIM

models in construction does generally allow for fewer conflicts and less rework during the
field installation. Refer to Figure 141 for a photo of the final installation of the under-floor
piping for the subject project. Note the many similarities between Figures 140 and 141.
These figures show how spatial conflicts and rework, leading to cost growth, may be reduced
through accurate modeling.
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Figure 141. Image of the installed under-floor piping work in progress (Participating
construction contractor, 2012b).
Contribution to Knowledge
The relationships of project performance measures with the use of BIM and IPD were
investigated. A novel approach, based on quantitative analysis of actual project outcome
data, did not find evidence of a relationship between the use of BIM (in either design or
construction) or IPD and the four selected project performance measures at the 95% CL in a
multivariate context. Seven hypotheses stated in Chapter 3 were tested and the findings
reported. The following peripheral contributions were made possible through the completion
of this study:
•

Previous findings by El Asmar (2012) with respect to cost and schedule growth levels
associated with IPD use (i.e., no significant difference between the various delivery
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methods) were confirmed (at the 95% CL) in a multivariate context using a much
larger sample size.
•

Numerous calls for further research into the relationships of project performance with
the use of BIM and IPD were answered (see Becerik-Gerber & Kensek, 2010;
Chelson, 2010; El Asmar, 2012, Liu, 2013; Mutai, 2009; Parvan, 2012; Suermann,
2009; Zhai, 2010; and Zuppa, Issa, & Suermann, 2009).

•

Project setting (i.e., urban, suburban, or rural) was found to be a significant
contributing variable to cost growth, schedule growth, RFI ratio, and punchlist ratio.
In all four multivariate models, projects constructed in urban locations experienced
significantly higher levels of each dependent variable than projects constructed in
either suburban or rural locations. Future studies examining overall project
performance could benefit from the inclusion (and control) of this variable, given its
significant relationship to overall project outcomes. Furthermore, owners, developers,
and designers can use this finding when considering the location of future
developments or establishing budget, schedule, and quality goals for future urban
projects.

•

Project type was found to be a significant contributing variable to cost growth and
RFI ratio. Data center projects were found to have significantly less cost growth than
most other project types. Additionally, K-12 education projects were found to have
significantly fewer RFI than most other project types. Future studies examining
overall project performance could benefit from the inclusion (and control) of this
variable, given its significant relationship to cost growth and RFI ratio (i.e., design
quality).

238
•

The R-squared values for the multivariate models range from 0% to 55%, meaning
that these models explain, at most, approximately a half of the overall variability in
project performance. This finding is important, given the myriad of factors (see
Chapter 3—limitations and delimitations) that could affect project performance
outcomes. For example, understanding the factors that contribute to 55% of the
variability in cost growth on commercial construction projects is an important
contribution to knowledge. Again, future research into project performance outcomes
could benefit from consideration of this finding.
There are several unique aspects of this study. For example, this dissertation is the

first study to examine BIM and IPD in a four-group factorial design that considers various
combinations of the technology and strategy. Additionally, it is the largest study to analyze
BIM and IPD in a multivariate context that controls for the contribution of other variables not
related to BIM and IPD use. It represents the largest quantitative study to date of BIM- and
IPD-related project performance outcomes. Lastly, it is the first study to examine the
frequency of RFI and punchlist items, per unit area, as dependent variables associated with
BIM and IPD use.
Recommendations for Further Research
The use of D-A subcontracting (Kelly, 2013) allows for close coordination between
designers and builders—typical of an IPD delivery—in the absence of a formal multi-party
agreement. The presence of D-A, along with other forms of early contractor involvement, is
recommended to be included as a variable in future studies examining project performance,
as its relationship to project outcomes may be more (or less) important than the use of BIM
and IPD.
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Project setting (i.e., urban, suburban, or rural) was a significant contributing factor
for each of the four multivariate models. As such, additional research should be conducted to
further evaluate the finding and uncover some of the underlying reasons for its significance
to project performance.
This dissertation grouped all BIM software into a single variable; the study did not
differentiate between Autodesk or Bentley products. Future studies could investigate
outcomes associated with the various different software packages currently being used by the
industry. Additionally, BIM in construction variable did not differentiate between the use of
BIM for mechanical and electrical coordination, BIM for material prefabrication, or BIM for
construction simulation. Again, future studies could further break down this variable to more
closely scrutinize the impact of BIM in construction.
It is possible that a relationship between BIM, IPD, and project performance may
only be visible when the technology and strategy are examined on a trade-by-trade (e.g.,
steel, plumbing, HVAC, and electrical) basis as opposed to a project-wide approach. Future
studies should address this line of inquiry.
Additional work could also explore project size as a variable. For instance, the data
could be regrouped into varying subgroups based on both gross area and construction cost. It
may be possible that significant outcomes associated with BIM and IPD use are only present
in certain size projects (e.g., small, medium, large, and mega).
Moreover, a methodology for assessing the relationship between safety performance
(i.e., lost time accidents and incident rates) and use of the technology and strategy has yet to
be developed. Additional research may yield compelling insights into this relationship. This
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line of inquiry represents an aspect of construction cost not generally considered: the burden
of safety performance and its relationship to technology implementation.
Further investigation into the relationship between BIM in construction and schedule
growth is also necessary. Projects that used BIM in construction were found to experience
significantly higher levels of schedule growth (at the 90% CL). This finding is at odds with a
majority of the literature. Delphi or other focus group techniques may be useful in
developing a greater understanding of this finding.
Lastly, the data analysis could be inverted to examine BIM in design, BIM in
construction, and delivery method as categorical dependent variables. Cost growth, schedule
growth, RFI ratio, punchlist ratio, and the identified covariates could then be analyzed to
forecast various uses of the technology and strategy.
Concluding Remarks
Within the context of the commercial construction industry, the relationship of project
performance measures (e.g., cost, schedule, and quality) with the use of BIM and IPD has
been investigated in this dissertation. Grounded in a structuration framework, this study has
shed further light on many of the factors contributing to construction project performance,
their associated theoretical and conceptual underpinnings, and actionable implications. The
results of this study provide little support for the widely held belief that project outcomes can
be significantly improved through the use of BIM and IPD. In fact, the results of this study
suggest that other factors, beyond the simple presence or absence of BIM and IPD, account
for a preponderance of the variability in measured project performance outcomes.
Notwithstanding the above, and from a practical perspective, the use of BIM and IPD is still
generally recommended as a tool to check cost and schedule growth on commercial
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construction projects. Perhaps, with time, the impact of BIM and IPD on project performance
outcomes could become more palpable as the understanding and application of the
technology and strategy mature.
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APPENDICES

260
Appendix A: Data Collection Form
Eastern Michigan University
College of Technology
Data Collection Form
Date:
Project #:

__________
__________

Project Type (select one):

(a) Office/Com. (b) Mixed-use (c) Healthcare
(e) Educ.-K-12 (f) Educ-Univ. (g) Data Center/Tech.
(h) Public/Gov’t. (i) Industrial
(h) Other

Project Setting (select one): (a) Urban

(b) Suburban

(c) Rural

Delivery Meth. (select one): (a) D-B-B
(d) CM adviser

(b) CM Cost+ (c) CM GMP
(e) Design build (f) IPD

Site Civil Scope (select one): (a) None
(d) Extensive

(b) Minimal

(c) Moderate

Geo. Region (select one):

(a) Northeast
(f) Southwest

(b) Southeast
(g) West

(d) Mid-West

Gross Area (square feet):

___________

Number of Floors (ea):

Year Completed:

___________

Estimated Cost:

___________

Final Cost:

___________

Est. Schedule (months):

___________

Final Schedule:

___________

# of RFI (each):

___________

# of Punchlist Items:

___________

BIM in Design (yes/no):

___________

BIM in Const. (yes/no): ___________

__________
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Appendix B: Human Subjects Review Committee Decision

262
Appendix C: Multivariate Cost Growth Model at 95% CL using all independent
variables all covariates

263

264
Appendix D: Multivariate Schedule Growth Model at 95% CL using all independent
variables all covariates

265

266
Appendix E: Multivariate RFI Ratio Model at 95% CL using all independent variables
all covariates

267

268
Appendix F: Multivariate Punchlist Ratio Model at 95% CL using all independent
variables all covariates

269

270
Appendix G: Multivariate Cost Growth Model at 90% CL using all independent
variables all covariates

271

272
Appendix H: Multivariate Schedule Growth Model at 90% CL using all independent
variables all covariates

273

274
Appendix I: Multivariate Cost Growth Model at 95% CL using technology integration
including all covariates

275

276
Appendix J: Multivariate Cost Growth Model at 95% CL using BIM and IPD including
all covariates

277

278
Appendix K: Multivariate Cost Growth Model at 95% CL using BIM and IPD less all
covariates

279

280
Appendix L: Multivariate Schedule Growth Model at 95% CL using technology
integration including all covariates

281

282
Appendix M: Multivariate Schedule Growth Model at 95% CL using BIM and IPD
including all covariates

283

284
Appendix N: Multivariate Schedule Growth Model at 95% CL using BIM and IPD less
all covariates

285

286
Appendix O: Multivariate RFI Ratio Model at 95% CL using technology integration
including all covariates

287

288
Appendix P: Multivariate RFI Ratio Model at 95% CL using BIM and IPD including
all covariates

289

290
Appendix Q: Multivariate RFI Ratio Model at 95% CL using BIM and IPD less all
covariates

291

292
Appendix R: Multivariate Punchlist Ratio Model at 95% CL using technology
integration including all covariates

293

294
Appendix S: Multivariate Punchlist Ratio Model at 95% CL using BIM and IPD
including all covariates

295

296
Appendix T: Multivariate Punchlist Ratio Model at 95% CL using BIM and IPD less
all covariates

297

298
Appendix U: Univariate Cost Growth Model at 90% CL using delivery method

299
Appendix V: Multivariate Cost Growth Model at 90% CL using technology integration
including all covariates

300
Appendix W: Multivariate Cost Growth Model at 90% CL using BIM and IPD
including all covariates

301
Appendix X: Multivariate Healthcare Cost Growth Model at 95% CL using all
independent variables all covariates

302

303
Appendix Y: Multivariate Healthcare Cost Growth Model at 95% CL using technology
integration and all covariates

304

305
Appendix Z: Multivariate Healthcare Cost Growth Model at 95% CL using BIM and
IPD including all covariates

306

307
Appendix AA: Multivariate Healthcare Schedule Growth Model at 95% CL using all
independent variables all covariates

308

309
Appendix BB: Multivariate Healthcare Schedule Growth Model at 95% CL using
technology integration including all covariates

310

311
Appendix CC: Multivariate Healthcare Schedule Growth Model at 95% CL using BIM
and IPD including all covariates

312

313
Appendix DD: Multivariate Healthcare RFI Ratio Model at 95% CL using all
independent variables and covariates

314

315
Appendix EE: Multivariate Healthcare RFI Ratio Model at 95% CL using technology
integration and all covariates

316

317
Appendix FF: Multivariate Healthcare RFI Ratio Model at 95% CL using BIM and
IPD including all covariates

318

319
Appendix GG: Multivariate Healthcare Punchlist Ratio Model at 95% CL using all
independent variables and covariates

320

321
Appendix HH: Multivariate Healthcare Punchlist Ratio Model at 95% CL using
technology integration and all covariates

322

323
Appendix II: Multivariate Healthcare Punchlist Ratio Model at 95% CL using BIM
and IPD including all covariates

324

325
Appendix JJ: Multivariate Healthcare RFI Ratio Model at 90% CL using BIM and IPD
including all covariates

